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The diversity of flower structure and flowering characteristics in angiosperms has long 
inspired researchers to study evolutionary mechanisms that have produced it. Darwin’s 
recognition of many apparent flower adaptations to pollinators led to a focus on animal 
pollinators as selective forces, but recently, the importance of simultaneously considering other 
selective agents has been recognized.  Particularly, herbivores can select for plant traits, and can 
interact with or limit selection by pollinators in complex ways.  Assemblages of pollinators and 
herbivores can vary greatly among plant populations.  In plants with generalized pollination 
systems and multiple herbivores, the potentially complex effects of these biotic selective forces 
may lead to local adaptation.  Conversely, conflicting selection by multiple herbivores and 
pollinators may limit local adaptation and maintain variation within populations. Erysimum 
capitatum (Brassicaceae) is a widespread and variable plant species with generalized pollination 
that is attacked by a number of herbivores.   I studied interactions of E. capitatum with 
pollinators and herbivores in four populations over an elevational gradient in the Rocky 
Mountains, and tested for local adaptation to suites of pollinators and herbivores.  I used 
observational and experimental methods in natural populations, and performed a common garden 
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  experiment using plants grown from two of the original four source populations. Plant traits 
varied among natural populations, and individuals of E. capitatum were visited by diverse groups 
of pollinators and herbivores that shifted in abundance and importance in time and space.  Both 
pollinators and herbivores preferentially visited plants with more flowers, and herbivory reduced 
pollinator visitation in some populations and years.  Pollinators did not select on plant traits in 
any year or population, but herbivores sometimes selected for plant traits.   These results suggest 
that plant plasticity may mediate interactions with both pollinators and herbivores.  Pollination 
and herbivory both changed plant fitness, but I found no signs of local adaptation to pollinators 
and herbivores in the common garden experiment.  However, non-local plants did have lower 
reproductive success than local ones, and may be locally adapted to other factors. 
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CHAPTER I 
 
 
INTRODUCTION 
 
 
The great diversity of flower structure and flowering characteristics in angiosperms has 
inspired generations of researchers to examine the evolutionary mechanisms which have produced 
this diversity. Darwin proposed pollinators as agents of natural selection on flowers (Darwin 1859, 
1862, 1877).   Recently, the long-standing focus on the role of pollinators in selecting for flower and 
plant reproductive traits (e.g. Fenster 2004) has turned to a simultaneous consideration of other 
factors, particularly herbivores. This new focus on multiple selective agents for plant flower and 
reproductive traits is largely due to evidence that conflicting and interactive selection by herbivores 
influences the outcome of selection by pollinators.   Conflicting selection occurs when pollinators 
and herbivores act on the same traits in opposite directions, and this is the most likely outcome of 
selection by both for the same traits (Krupnick and Weis 1999).  Interactive selection is also 
possible, though, as either pollinators or herbivores may alter the attractiveness of plants to other 
organisms.  Because the outcome of selection can be changed by either conflicting or interactive 
effects, the influences of either pollinators or herbivores upon plant evolution may be misunderstood 
when they are not studied simultaneously (Strauss 1997, Gomez 2003, Irwin et al. 2003, Gomez 
2005).   
Biotic selective forces such as pollinators and herbivores are important drivers of local 
adaptation for a number of plant traits (Haloin and Strauss 2008, Urban 2011).  Generalized 
pollination systems may select for the maintenance of relationships with a diversity of pollinators in 
multiple sites, or may make phenotypic divergence among locations more likely when some 
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  pollinators are consistently more common or effective in some locations than others. The additional 
influence of herbivores, which also vary spatially and temporally, can affect pollinator choices (eg. 
Adler 2000, Sanchez-Lafuente 2007) and result in adaptive tradeoffs or reduce the strength of 
selection by pollinators (Irwin and Adler 2006, Lay et al. 2011). 
To better understand the various selective scenarios possible in complex systems, and to 
identify potential drivers of local adaptation, I chose to perform my studies of interactions among a 
focal plant species, and its herbivores and pollinators in several sites.  Many plant species vary in 
floral morphology, phenology and floral resources among sites, and this variation is often related to 
abiotic factors (Linhart and Grant 1996).  However, communities of biotic interacting partners also 
play a frequent role in evolutionary divergence (Herrera 1988, Gomez 1993, Herrera 1993, Benkman 
1999, Gomez and Zamora 2000, Haloin and Strauss 2008, Gomez et al. 2009, Urban 2011).  
I found the idea of a generalized plant-pollinator-herbivore system with the potential for 
diffuse selection by a number of species to be particularly compelling from the standpoint of local 
adaptation, as many studies of local adaptation to biotic interactions are of tightly co-adapted 
systems.  Diffuse selection can occur when the selective outcome of one biotic selective agent is 
altered by the presence of another (reviewed in Haloin and Strauss 2008).  In my thesis work, I have 
considered the relative selective contributions of pollinators and herbivores and their potential 
interactions on floral and flowering traits, using a geographical perspective.  I examined phenotypic 
variation and interactions with pollinators and herbivores in the Western Wallflower, Erysimum 
capitatum in sites along an elevational gradient in the Rocky Mountains.  A geographical perspective 
allowed me to consider the relative importance of pollinators and herbivores on selection in a more 
general way than would have focusing on a particular set of pollinators and herbivores in a particular 
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  population.  Biotic partners and interactions change over space and time, and viewing them in 
multiple populations allowed me to observe a variety of interacting partners in a variety of situations.   
Erysimum capitatum provides an ideal focal plant species to answer questions about the joint 
and separate selective effects of pollinators and herbivores, as well as about local adaptation to 
different communities of these insects.  Floral traits of E. capitatum vary throughout its range (Price 
1984, Fig. 1-1), individuals are visited by a wide array of pollinating insects and reproductive tissues 
are attacked by a number of herbivores (Figs. 1-2 to 1-4).  Small bees are the most common 
pollinating visitors to E. capitatum, but larger bees, flies, nitidulid beetles (Fig. 1-4), butterflies and 
moths also visit (personal observation). Some herbivores common on E. capitatum could impact 
pollinator choice.  Ants remove nectar from the base of flowers, and occasionally attack bees (Fig. 1-
2).  Other herbivores, particularly beetle larvae, damage petals, potentially making plants less 
attractive to pollinators (Fig. 1-2).  Also, gall midge larvae form galls from floral buds and typically 
prevent flowers from opening, which decreases floral display size (Fig. 1-4).  The prevalence of each 
of these insect groups differs among sites, and it is thus possible that local adaptation to insect 
communities has affected the evolution of traits in E. capitatum.  I used observational studies, 
insecticide treatments, hand-pollination, and common garden experiments to examine the effects of 
pollinators and floral herbivores on the reproductive success of E. capitatum. 
In Chapter 2, I describe differences in phenotype, pollinator community composition and 
herbivory among four populations over an elevational gradient in order to provide a basis for 
further work on local differentiation of these populations. Chapter 3 focuses on testing for 
natural selection by pollinators and herbivores in those four populations and reveals the potential 
role of plant plasticity in mediating interactions with both pollinators and herbivores. Chapter 4 
3
	  describes the results of a common garden experiment performed with two of the four 
populations.   
 
 
FIGURE 1-1.  Some of the range of flower color variation in E. capitatum. 
  
 
FIGURE 1-2.  A)  Ants removing nectar from the bases of flowers on a plant with severe petal 
damage.  B)  A plant with less severe petal damage. 
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FIGURE 1-3.  A) Galls on a plant B) Cecidomyiid gall midges in a flower bud of E. capitatum. 
Galls typically contain between 6 and 20 larvae.   
 
 
 
 
FIGURE 1-4.  Meligethes sp. emerging from a corolla tube covered in pollen.   
 
 
 
  
5
CHAPTER II 
 
 
THE IMPORTANCE OF LOCALE: VARIATION AMONG POPULATIONS OF 
ERYSIMUM CAPITATUM IN PHENOTYPE, POLLINATION AND HERBIVORY 
 
 
ABSTRACT 
Local adaptation of plant flower and life-history characters to biotic interactions has often 
been studied in the context of specialized pollinators that vary in frequency or behavior among 
sites. Recently, the potential importance of herbivores and the interactions of pollinators and 
herbivores has been recognized.  I studied pollinators, herbivores and plant phenotypes in four 
populations of the western wallflower (Erysimum capitatum, Brassicaceae) along an elevational 
gradient in the Front Range of the Eastern Slope of the Colorado Rocky Mountains in 2005 and 
2006.  Several phenotypic characters varied among populations over a relatively small spatial 
scale (<50km), and plants were visited by a wide variety of pollinators and herbivores.  E. 
capitatum plants in these populations were primarily pollinated by bees, pollen beetles, and flies.  
The most common types of pollinating visitors differed among populations.  Ants were the most 
common visitors in all populations, and removed nectar from the base of flowers, occasionally 
attacked bees, and rarely came into contact with stigmas.  Many other herbivores fed on flowers 
and buds of E. capitatum.  Some of these damaged petals, potentially making plants less 
attractive to pollinators.  Also, gall midge larvae (Cecidomyiidae) formed galls from flower buds 
and typically prevented flowers from opening, which decreased floral display size.  Both 
herbivores and pollinators were different from year to year and from population to population.  I  
argue that the potential for local adaptation in Erysimum capitatum exists. 
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  INTRODUCTION 
Floral morphology, phenology and floral resources can vary within species over distances as 
short as 1m (reviewed in Linhart and Grant 1996).  Such patterns of geographic variation have 
frequently been related to physical features of the environment (Linhart and Grant 1996), but 
communities of both pollinators and herbivores may also play a role in evolutionary divergence of 
plant characteristics (Herrera 1988, Gomez 1993, Herrera 1993, Gomez and Zamora 2000, Haloin 
and Strauss 2008, Gomez et al. 2009, Urban 2011).  Interactions between plants, their pollinators and 
herbivores can be highly site- and time-specific (Thompson 1988), resulting in different selection 
regimes (Rand 2002, Bradley et al. 2003), and phenotypic divergence among sites.  Site-specific 
comparisons of plant phenotype, herbivory and pollinator community composition or behavior allow 
for investigation of local divergence.   
Plants with generalized pollination systems have only rarely been studied in the context of 
local adaptation to particular communities of pollinators and herbivores (but see Aigner 2005, 
Gomez et al. 2007, Gomez et al. 2009).  Local adaptation may be unlikely if generalized pollination 
morphology results from selection to maintain relationships with a diverse group of pollinators 
(Waser et al. 1996, Dilley et al. 2000, Ellis and Johnson 2009).  Conversely, plants with generalized 
pollination systems may show population-level phenotypic divergence if pollinator communities are 
very different among sites.  Consistent differences in the most common or effective pollinators could 
result in local adaptation.  Moreover, herbivores, which also vary spatially and temporally, can affect 
pollinator choices (Adler 2000) and result in adaptive tradeoffs or alter the strength of selection by 
pollinators (Irwin and Adler 2006, Gomez 2008).  Addressing conflicting predictions raised by these 
issues requires comparative study of multiple populations of plants likely to have different 
pollinators and herbivores. 
7
	  Erysimum capitatum is an exceptional plant species in which to examine geographic 
variation in flower morphology, pollinators and herbivores.   E. capitatum plants are quite 
variable in morphology and life history characters across their broad geographic range and 
elevational distribution (Price 1984). Individuals are visited by a wide array of pollinating 
insects, and reproductive tissues are attacked by a number of herbivores (C. Lay, personal 
observation).  Plant species, such as E. capitatum, that occupy montane regions may be 
particularly likely to show local adaptation because these areas are very heterogeneous over short 
distances in both micro-climate and co-occurring species (reviewed in Lomolino 2001).  
Elevational gradients have been associated with population differentiation in many species 
(Linhart and Grant 1996). 
I studied four montane populations of E. capitatum for two growing seasons to answer 
the following questions: Is there differentiation in phenotype among populations?   What are the 
common pollinators and herbivores of this relatively unstudied species? Do communities of 
pollinators and herbivores differ among populations?   
 
MATERIALS AND METHODS 
Study species: 
Erysimum capitatum (Brassicaceae) occurs throughout most of the United States (USDA 
2004) and northern Mexico (Turner 2006).  It is often a biennial monocarp, though its life history 
is somewhat plastic and can differ among individuals and populations (Kim and Donohue 2011).  
Plants flower from early spring to mid-summer (USDA 2004), and populations of E. capitatum 
are characterized by considerable variation in flower color and other traits throughout its range 
(Price 1984, Weber 1990).  Flowers range from yellow and white to red and lavender (Price, 
1984).  Although I assumed that all populations and individuals studied belonged to a single 
8
	  species, the taxonomy of E. capitatum is currently undecided.  Its great phenotypic variation may 
be the result of multiple hybridization events between subspecies (Turner 2006). Other plants in 
the genus Erysimum contain glucosinolates and cardiac glycosides (Renwick et al. 1989, Stadler 
et al. 1995), and though secondary chemistry has not been studied in E. capitatum, it most likely 
also contains these compounds.   
Populations:  
 I used four study populations located in the Front Range on the Eastern slope of the 
Rocky Mountains of Colorado. The Elk Meadow population (ELK) grows at 2900 m (40°01’N, 
105°32’W) in a subalpine dry meadow at the University of Colorado Mountain Research station.   
The population at Nederland (NED) is at 2590 m (39°58’N 105°30’W) in open lower montane 
Ponderosa pine forest.  The Walker Ranch population (WAK) is at 2209 m (39°56’N 105°20’W) 
in open lower montane Ponderosa pine forest.  The Greenbelt Plateau population (GBT) grows at 
1980 m (39°55’N 105°14’W) in a short grass prairie.  Marr (1967) gives complete descriptions 
of these vegetation types.  Flowering begins as early as March and continues through early June 
in GBT, the lowest elevation population.  In the highest elevation population, ELK, flowering 
begins in late June and continues through mid-July, and a very few plants have open flowers 
through the fall.  We assessed plant phenotype, herbivory, and pollinator visitation for 50-200 
haphazardly selected flowering plants in each of these populations in 2005 and 2006.  
Phenotypic characters:  
 I measured corolla width at the widest point, corolla tube depth, corolla color, number of 
open flowers, height of tallest inflorescence, height to first flower on the tallest inflorescence and 
stem diameter in 2005 and 2006 in ELK, NED, WAK and GBT.   
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   For all populations, the sampling schemes differed slightly between 2005 and 2006.  In 
2005, we measured larger plants that were likely to have open flowers throughout the planned 
period of pollinator observations.  In 2006, sample sizes were increased at all sites, necessitating 
the inclusion of smaller plants.  Also, the timing of rainfall and flowering differed between years, 
and may have resulted in differences in plant size.  I therefore included height as a covariate in 
analyses of plant phenotype to control for differences in plant size between years that are 
unlikely to be meaningful to a description of consistent population-level differences.   
 Measurements of open flowers, and flower width and depth were repeated on up to four 
days, or on multiple flowers per day, though it was not possible to obtain equal replications on 
all plants due to weather and flower availability.  In 2005, I measured characteristics of three 
flowers per plant whenever possibly on each measurement day.  Preliminary analyses suggested 
that this was unnecessary, as the difference in flower characters among plants was much greater 
than differences in flower measurements on the same plant, and in 2006, corolla width and depth 
were measured only once for one flower per plant.  Because of the difficulty of achieving a 
balanced repeated measures design in the field, I collapsed measurements for phenotypic 
characters as follows.  For characters such as corolla width, where differences among 
measurements due to intraplant variation or measurement error were likely to be the biggest 
contributors to within-plant measurement differences, I used the average of all measurements as 
the character values.  For characters such as inflorescence height, for which the biggest 
contributor to differences among measurements was likely to be growth, I used the maximum 
recorded value for each plant as the character values.   
 Corolla color was quantified by comparing flowers to color chips (Behr paint chips of 
colors yellow S-G-390 to red S-G-230) in the field.  The accuracy of this method was confirmed 
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  using digital photographs and standardized RGB color values.   Flowers of some plants were old 
or otherwise deteriorated on days that color was measured, and so I was unable to obtain color 
values for all plants.   Corolla width and depth were measured with calipers on flowers that had 
at least three undamaged petals. Corolla width was the diameter of the flower as seen from the 
front, and corolla depth was the distance from the base of the calyx to the angle between the claw 
and the limb.  Flowers were counted as “open” if they retained at least 3 petals (flowers with 
limbs damaged by herbivory were scored as “open” if they had three or more attached claws).  
Inflorescence height was measured from the ground to the highest point on the tallest 
inflorescence, and the height to the first flower was also measured from the ground on the tallest 
inflorescence.  Stem diameter was measured 30 mm above the ground on the tallest 
inflorescence.   
 I tested for significant phenotypic differences among plants from different sites using 
nested two-way multivariate analysis of covariance (MANCOVA) followed by univariate 
analyses of variance (ANOVA) with height as a covariate for size-related characters (all 
characters but color).  This analysis was followed with univariate two-way analysis of covariance 
(ANCOVA) for each trait.  Correlation analysis (proc CORR, SAS 2003) showed that color was 
not related to size or other characters so it was analyzed separately with a two-way ANOVA.  In 
both analyses, site was nested in year.  Inflorescence height of the tallest inflorescence was 
included as a covariate for characters correlated to it to control for differences between years in 
plant size that may have been caused by differences in rainfall or sample selection.  Including 
inflorescence height as a covariate rather than as a dependent phenotypic variable also allowed 
me to test whether the effect of plant size on a given character is the same in all populations.  
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  Pollination and insect visitation:    
 To observe insect visitation and pollinator community composition, individual observers 
watched groups of 1 to 10 plants for 10-min periods during peak visitation times.  Observations 
were repeated twice per day for as many days as possible given weather, availability of 
observers, and availability of flowering plants.  Observers minimized their own shadows on 
plants, and avoided disturbing visitors.  I divided insects seen during observation periods into 
those that contacted reproductive parts and those that did not. Visitors were identified to 
functional groups, and insects were not collected until observations had been finished for the 
season to avoid influencing visitation on subsequent days.  
   I grouped likely pollinators (those that contacted reproductive parts) into functional 
groups based on size and taxonomic order.  After observations were completed for a site, I 
collected samples of insects that were found visiting plants for identification.  Sampling effort 
differed among sites and years due to differences in the number of available plants and 
phenology. 
 In order to determine the level of similarity in pollinator visitation among populations, I 
calculated Morisita-Horn similarity indices in EstimateS (Colwell 2005), using pooled pollinator 
functional group counts from each population.  This index is robust to differences in sampling 
effort, but is strongly affected by the most common visitor (Magurran 2004).  Differences in 
sample size between years were large (with as few as 7 observed pollinators in one population in 
one year).  The unequal sample sizes greatly reduced statistical power for analysis of similarity 
(ANOSIM), a standard non-parametric test for community differences.  Therefore, I instead 
pooled pollinator counts from both years and show only qualitative Morista-Horn similarity 
indices. 
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  Herbivory:  
 Three general types of herbivore damage were common on flowers of Erysimum 
capitatum: petal damage, flower bud galls, and nectar robbing.  A variety of petal 
herbivores created visually similar damage, so there was no reliable way to determine 
what herbivore had damaged a flower.  I was able to identify some key petal herbivores 
by carefully observing for their presence, but could not test for site differences in 
herbivore assemblage. 
 Damage levels were recorded for each damaged flower on a plant.  Petal limb 
damage was scored 1 to 4, with an additional category 5 indicating complete destruction 
of anthers and stigma.  “1” corresponded to 10% damage or less, “2” to damage between 
10% and 25%, “3” to 25-50%, “4” to 50% damage to damage of all petal limbs.  I 
summed all damage scores from each plant on each day for a measure of overall damage, 
and used the maximum value of summed petal damage as the dependent variable in an 
analysis of covariance (ANCOVA) with site and year as main effects and the total 
number of flowers on the day of maximum petal damage as a covariate.  This analysis 
was performed with aov from the stats package in R (R Development Core Team 2010a).   
Gall midge larvae (Cecidomyiidae) form galls from flower buds and typically 
prevent flowers from opening.  I counted flower bud galls, which were readily 
identifiable as large buds with very swollen calyces, on each plant on each observation 
day.  I then log-transformed the maximum count for galls found on a single day over the 
observation period to improve normality.  This log-transformed value for galls was the 
dependent variable in an analysis of covariance (ANCOVA) in which site and year were 
main effects and height, a good predictor of the total number of available buds, was a 
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  covariate.  This analysis was performed using the aov function of the stats package in R 
(R Development Core Team 2010a). 
 Finally, ants are frequent visitors to flowers, and remove nectar from between the 
free sepals.  I observed ant visitation during pollinator observations, and counted ants 
present on plants directly after pollinator observation periods. 
 
RESULTS 
Plant size: 
Size-related characters differed among sites, although there were no consistent 
patterns related to elevation (Table 2-1).  Inflorescence height varied with site 
(F(1,913)=49.6, p<0.0001, Table 2-1), and plants were significantly shorter in 2006 than in 
2005 in all sites (F(1,913)=189.2, p<0.001).  Height differences may be due to reduced 
rainfall during the flowering period in 2006, or to sample selection differences among 
years or to other factors.  When controlling for inflorescence height (F(1,799)=566.2, 
p<0.0001), stem diameter differed among sites (F(3,799)=6.9, p=0.003, Table 2-1), but not 
between years (F(4,799)=1.4, p=0.23).  In addition, there was a significant interaction 
between site and inflorescence height, indicating that the relationship between 
inflorescence height and stem diameter differed among populations (F(3,799)=16.0, 
p<0.0001).  Height to first flower differed among sites (F(3,799)=6.6, p<0.001) and 
between years (F(4,799)=2.9, p=0.02) even controlling for the large effect of inflorescence 
height (F(1,799)=863.7, p<0.0001).  Inflorescences of the same height in different sites had 
different heights to the first flower (F(3,799)=16.6, p<0.0001).   
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Flower characters: 
Site means of flower characters are shown in Fig. 2-1 and Table 2-1.  Corolla 
color varied greatly from yellow to red with site (F(3,514)=42.01, p<0.0001, Fig. 2-1), but 
did not differ between years (F(1,514)=0.09, p=0.75). Both corolla width and depth 
increased with inflorescence height (FFW(1,799)=151.89, pFW<0.0001; FFD(1,799)=132.31, 
pFD<0.0001).  Corolla width varied among sites (F(3,799)=10.85, p<0.0001) and between 
years (F(4,799)=5.45, p=0.04) when controlling for the relationship with inflorescence 
height.  Also, there was a significant interaction between inflorescence height and site 
meaning that relationship between inflorescence height and corolla width differed among 
sites (F(3,799)=8.15, p<0.0001).  Corolla depth did not differ among sites (F(3,799)=0.71 
p=0.55), though there was a significant interaction between site and inflorescence height 
(F(3,799)=4.17, p<0.01).  Corolla depth also differed between years within sites 
(F(4,799)=5.01, p=0.02).  Corolla width and depth were correlated in all sites and years, 
even when the effect of inflorescence height on flower size was removed (r=0.6, 
p<0.001).    
 
Fig. 2-1. Average corolla color in each site.  “n” is the number of plants included from 
each site.  The small circles are approximations of the color one standard deviation away 
from the mean.   
 
Correlations among size-related characters were not constant among sites (Wilk’s 
lambda=0.90, p<0.0001) or between years (Wilk’s lambda=0.86, p<0.001), and varied 
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  with plant height (Wilk’s lambda=0.34, p<0.0001).  This may indicate some plasticity in 
plant traits, or may be due to differences in sampling between years. 
Pollinator community composition: 
 I considered visitors to be pollinators if they came into contact with the 
reproductive parts of a flower.  Pollinators in the studied populations were assigned to 
functional groups that included large bees, medium bees, small bees, flies, bee-flies, 
butterflies, and moths (Table 2-2).  “Large bees” include bees over 2 cm in body length 
(Table 2-2).  “Medium” bees include bees with body lengths between 1 and 2 cm (Table 
2-2).  “Small bees” include bees under 1 cm in body length (Table 2-2).  “Flies” included 
flies that were above 0.25 cm in body length (Table 2-2).  Smaller flies rarely contacted 
reproductive parts and were nearly impossible to see during observations.  Pollen beetles 
(Meligethes sp., Nitidulidae) interact differently with flowers than other beetles; they 
enter corolla tubes, are coated in pollen, and spend long periods of time in flowers.  
Therefore, I treated them as a separate functional group and grouped the small number of 
other beetle visitors that contacted reproductive parts together (Table 2-2).  These 
included beetles of the families Coccinellidae and Buprestidae, as well as other 
unidentified beetles.  All bees and pollen beetles were visibly coated in pollen after 
visiting flowers (Table 2-2).  
 Populations had qualitatively different pollinator community compositions, with 
GBT and ELK being the most different (Table 2-3).  The most similar pollinator 
communities were at NED and WAK (Table 2-3).  Flies were more common at ELK, and 
pollen beetles and bees were more common at GBT (Fig. 2-2).   
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  TABLE 2-2.  List of potential pollinator species identified from samples collected after 
pollinator observations had concluded at each site.  Some unidentified samples were lost when a 
freezer malfunctioned, so this list is not comprehensive.   
 
Site Order Family ID Count Functional group 
GBT Coleoptera Unidentified Coleoptera a. 1 na 
GBT Diptera Canopidae Zodion fulvifrons (Say) 1 Fly 
GBT Hemiptera Rhopalidae Rhopalidae sp. 2 na 
GBT Hymenoptera Formicidae Forelius foetidus 6 Ant 
GBT Hymenoptera Formicidae Tapinoma sessile 10 Ant 
GBT Hymenoptera Halictidae Andrenidae sp e. 1 Ant 
GBT Hymenoptera Halictidae Lasioglossum evylaeus 1 Ant 
GBT Lepidoptera Unidentified Lepidoptera a. 1 Lepidoptera 
GBT  Hymenoptera Halictidae Halictus rubicundus 1 Medium Bee 
WAK Coleoptera Coccinellidae Coccinellidae sp. 1 Other Beetles 
WAK Coleoptera Curculionidae Curculionidae sp. 1 Other Beetles 
WAK Coleoptera Unidentified Coleoptera b. 1 Other Beetles 
WAK Diptera Empididae Empis sp.  1 Fly 
WAK Diptera Muscidae Drymeia sp. 1 Fly 
WAK Hemiptera Cicadellidae Cicadellidae sp. 1 na 
WAK Hemiptera Lygaeidae Lygaeus kalmii 2 na 
WAK Hymenoptera Formicidae Tapinoma sessile 9 Ant 
WAK Hymenoptera Andrenidae Andrenidae sp. 1 Medium Bee 
WAK Hymenoptera Halictidae Halictus sp. c.  1 Medium Bee 
WAK Hymenoptera Halictidae Lasioglossum sp a 1 Small Bee 
WAK Hymenoptera Halictidae Lasioglossum sp. b. 1 Small Bee 
WAK Lepidoptera Unidentified Lepidoptera b. 1 Lepidoptera 
NED Coleoptera Coccinellidae Coccinellidae 1 Other Beetles 
NED Coleoptera Nitidulidae Meligethes sp. 7 Nitidulidae 
NED Coleoptera Unidentified Coleoptera c. 1 Other Beetles 
NED Diptera Chironomidae Chironomidae 1 Fly 
NED Hemiptera Cicadellidae Cicadellidae 2 na 
NED Hemiptera Cicadellidae Cicadellidae 1 na 
NED Hemiptera Lygaeidae Lygaeus kalmii 3 Ant 
NED Hymenoptera Formicidae Formica argentea 4 Ant 
NED Hymenoptera Formicidae Formica obscuriventris elivia 5 Ant 
NED Hymenoptera Formicidae Lasius niger 3 Ant 
NED Hymenoptera Formicidae Tapinoma sessile 4 Ant 
NED Hymenoptera Formicidae Temnothorax rugatulus 1 Ant 
NED Hymenoptera Formicidae Temnothorax sessile 1 Ant 
NED Hymenoptera Halictidae Lasioglossum sp. c. 1 Small Bee 
NED Hymenoptera Unidentified Unidentified (tiny wasp) 1 na 
ELK Coleoptera Coccinellidae Coccinellidae sp. 1 na 
ELK Coleoptera Nitidulidae Meligethes sp. 11 Nitidulidae 
ELK Coleoptera Unidentified Unidentified a 1 Other Beetles 
ELK Coleoptera Unidentified Unidentified b. 1 Other Beetles 
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  ELK Coleoptera Unidentified Unidentified c.  1 Other Beetles 
ELK Diptera Diptera Diptera sp.   1 Fly 
ELK Diptera Muscidae Muscidae sp. A  1 Fly 
ELK Diptera Muscidae Muscidae sp. B 1 Fly 
ELK Diptera Muscidae Muscidae sp. C 1 Fly 
ELK Diptera Muscidae Muscidae sp. D 1 Fly 
ELK Diptera Muscidae Thricops sp.  1 Fly 
ELK Diptera Syrphidae 
Sphaerophoria contigua 
(Macquart) 1 Fly 
ELK Hemiptera Aphididae Aphididae sp. 1 na 
ELK Hemiptera Cicadellidae Cicadellidae sp. A 1 na 
ELK Hemiptera Cicadellidae Cicadellidae sp. B 1 na 
ELK Hemiptera Cicadellidae Cicadellidae sp. c 2 na 
ELK Hemiptera Lygaeidae Lygaeus kalmii 4 na 
ELK Hemiptera Miridae Miridae  sp.  1 na 
ELK Hemiptera Rhopalidae Rhopalidae sp. 1 na 
ELK Hymenoptera Chrysididae Chrysididae 1 Medium Bee 
ELK Hymenoptera Formicidae Formica argentea 3 Ant 
ELK Hymenoptera Formicidae Tapinoma sessile 2 Ant 
ELK Hymenoptera Formicidae Tetramorium hispidum 3 Ant 
ELK Hymenoptera Halictidae Andrenidae sp. a 1 Small Bee 
ELK Hymenoptera Halictidae Andrenidae sp. c 1 Small Bee 
ELK Hymenoptera Halictidae Andrenidae sp. d 1 Small Bee 
ELK Hymenoptera Halictidae Andrenidae sp. f 1 Small Bee 
ELK Hymenoptera Halictidae Bombus flavifrons 1 Large Bee 
ELK Hymenoptera Halictidae Bombus mixtus 1 Large Bee 
ELK Hymenoptera Halictidae Celioxys 1 Medium “Bee” 
ELK Hymenoptera Halictidae Colletes 1 Small Bee 
ELK Hymenoptera Halictidae Duforea maura 1 Medium Bee 
ELK Hymenoptera Halictidae Halictus sp. a. 1 Small Bee 
ELK Hymenoptera Halictidae Hoplitus fulgida 1 Medium Bee 
ELK Hymenoptera Halictidae Hylaeus basalis 1 Medium Bee 
ELK Hymenoptera Halictidae Lasioglossum sp. a. 1 Small Bee 
ELK Hymenoptera Halictidae Lasioglossum sp. e 1 Small Bee 
ELK Hymenoptera Halictidae Osmia sp. 1 Medium Bee 
ELK Hymenoptera Unidentified Unidentified (large wasp) 1 na 
ELK Hymenoptera Unidentified Unidentified (large wasp) 1 na 
ELK Hymenoptera Unidentified Unidentified (tiny wasp) 1 na 
ELK Hymenoptera Unidentified Unidentified (tiny wasp) 1 na 
ELK Hymenoptera Unidentified Unidentified (tiny wasp) 1 na 
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Site comparison  
GBT and WAK  0.723 
GBT and NED  0.752 
GBT and ELK  0.516  
WAK and NED 0.849  
WAK and ELK 0.834  
NED and ELK  0.848  
TABLE 2-3. Morisita-Horn similarity indices for 
pollinating visitor functional groups in pairs of 
populations.  “1” indicates complete similarity.  The 
least similar populations are GBT and the ELK 
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FIGURE 2-2.  Relative frequencies of pollinators in each site. 
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Herbivory: 
Petal herbivores included grasshoppers, lepidopteran larvae, and nitidulid beetle larvae 
that lived inside of flowers (most frequently observed).  Megachilid bees were never observed, 
but the rounded edge wounds that are characteristic of these bees occurred frequently.  I was 
unable to rear the any of the larvae to maturity, and they are yet to be identified.   
On average, plants received about 10% damage to their corolla limbs for each flower, 
though there was a good deal of variation in damage to individual flowers.  On any given plant, 
roughly 30% of flowers were damaged. Levels of petal damage did not differ among sites 
(F(3,780)=1.9, p=0.19).  Because there was a significant interaction between the number of flowers 
and site (F(3,780)=5.38, p=0.001), there was a difference among sites in the relationship between 
flowers and petal herbivory.  There was no overall difference between years in petal damage 
(F(1,780)=2.8, p=0.09).  However, there was a significant interaction between year and site 
(F(3,780)=3.8, p=0.01).   
Galls were formed by gall midges (Cecidomyiidae).  The incidence of galls ranged from 
2% of 50 plants at WAK in 2005 to 50% of 197 plants at WAK in 2006.  Numbers of galls 
averaged between 1 and 5 per plant in all sites.  Gall number did not vary among sites 
(F(3,874)=2.32 p=0.07), but was greater in 2006 than in 2005 (F(1,874)=27.66, p<0.0001) and there 
was an interaction between site and year (F(3,874)=17.69, p<0.0001).  The effect of inflorescence 
height on gall number was strong (F(1,874)=16.06, p<0.0001), likely because taller plants have 
more buds to attack.  There was no significant interaction between the effect of inflorescences 
height and site on gall number (F(3,874)=18.86, p=0.23), suggesting that plants in different sites of 
the same height receive similar numbers of galls. 
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 Ants removed nectar from flowers, and occasionally attacked bees.  Unlike many ant 
nectar-robbing systems, ants do not damage flower parts of E. capitatum, but remove nectar from 
openings between sepals.  Ants comprised 39% of all insect visitors at GBT, 50% at WAK, 57% 
at NED and 62% at the ELK. 
Other arthropods observed on inflorescences: 
 A number of arthropods that did not contact reproductive parts or visibly remove nectar 
were observed on inflorescences during observation periods.  These included crab spiders, 
hemipterans, homopterans, and ladybird beetles.  In WAK, stem boring beetle larvae clipped 
entire inflorescences. 
 
DISCUSSION 
Phenotypic differentiation:  
Populations of E. capitatum in this study region differed in phenotype and pollinator 
community composition, and levels of herbivory changed from year to year. The traits that 
varied among the study populations may affect pollinator and herbivore preferences.  In 
particular, corolla color (Fig. 2-1), varied among populations.  Corolla color is known to affect 
pollinator choice, and color variation is associated with variation in pollinator types (reviewed in 
Willmer 2011). In addition, variation in flower color is linked to variation in secondary 
metabolites, some of which, like anthocyanins, can deter feeding by insects (Fineblum and 
Rausher 1997, Irwin et al. 2003, Strauss et al. 2004).  Flower color may be selected upon 
independently of other traits and has the potential to be selected by both pollinators and 
herbivores because it is tied to both attractiveness and plant secondary chemistry (Frey 2004, 
Strauss et al. 2004).  GBT, at the lowest elevation, and ELK, at the highest elevation, were the 
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most different from one another in flower color and also were most divergent in pollinator 
community composition (Table 2-1, Fig. 2-2) and ant visitation.   
Not surprisingly, taller inflorescences bore more flowers, and flowers on these 
inflorescences tended to be larger (Table 2-1).  However, both flower size and number varied 
among populations in ways that were similar between years (Table 2-1).   The strong relationship 
with inflorescence height and flower number suggests that flower size is somewhat plastic 
(Frazee and Marquis 1994, Conner and Sterling 1996).   Corolla width and depth were correlated 
in all populations and years, which suggests that the shape of flowers may be less variable than 
their size.  Increased flower size and number can increase pollinator visitation, but this effect 
may differ between types of pollinators (Conner and Rush 1996). 
Common pollinators and pollinator community differences: 
At the four sites studied, E. capitatum has a generalized pollination system.  It is visited 
by a wide variety of insects that come into contact with reproductive parts, and eight of the nine 
functional groups identified contain multiple species.  Whether most pollination systems are 
generalized or specialized is still debated (Waser et al. 1996, Johnson and Steiner 2000, Vazquez 
et al. 2009), but studies that examine plants in different populations and in the same population 
over time find that multiple insects act as pollinators to some extent (Herrera 1988, Brunet 
2009), and other Brassicaceous species have been found to have generalized pollination systems 
(Gomez and Zamora 1999, Gomez et al. 2009).  Generalized pollination has been proposed as a 
likely outcome of pollinator communities that vary in time and space (Waser et al. 1996, Dilley 
et al. 2000, Ellis and Johnson 2009).  However, generalized pollination can select for divergent 
floral morphologies when populations  have somewhat different pollinator community 
compositions, or when pollinator behavior differs among populations (Dilley et al. 2000).  
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Differences in pollinator community composition among populations suggest that divergence as 
a result of differing pollinator preferences or effectiveness is a possibility in E. capitatum.  
Pollinator community composition differed qualitatively among sites (Table 2-3, Fig. 2-
2).  Flies are more common visitors at high-elevation sites, and bees and pollen beetles are more 
common visitors at low-elevation sites.  Although it was not possible to test differences 
quantitatively because of limited sample size in some sites and some years, the  differences in 
pollinator community are consistent with the results of other studies.  For example, Kearns 
(1992) found that in the Rocky Mountains, flies are more frequent visitors than bees at higher 
elevations, and flies are frequently found to be common visitors in high elevation sites in other 
mountain ranges, as well (Arroyo et al. 1982, Elberling and Olesen 1999, Devoto et al. 2005).  
The frequency of pollen beetle visits differed greatly among populations (Fig. 2-2), but this 
difference may reflect a behavioral difference between high and low elevation beetle 
populations; beetles are often hidden inside of corolla tubes and hard to observe.  Their increased 
frequency at lower elevations may reflect higher rates of movement from corolla tubes rather 
than higher abundance.  Such differences are possible in other functional groups as well, but are 
likely to be more pronounced in these beetles because they spend time in corolla tubes and may 
be more affected by differences in temperature. 
Other than corolla color, trait differences among populations did not appear to be 
associated with elevation (Table 2-1).  Similarities in communities of pollinating visitors are 
related to elevation, with bees decreasing and flies increasing as a proportion of the total 
pollinators (Table 2-3).  The lack of congruence in variation between plant traits and pollinator 
types suggests that pollinator communities are not shaping flower size or number in these 
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populations and raises the possibility that other selective agents, possibly herbivores, are more 
likely to be driving selection for flower number and size than pollinator communities. 
Herbivory and other flower visitors:  
  Ants were not considered to be part of the “pollinator community” in analyses of 
community similarity.  Nonetheless, they varied as a proportion of the total number of visitors 
from site to site, increasing as a proportion of the total visitors in higher elevation sites. They 
were the most frequent visitors to inflorescences in all populations and removed visible nectar 
quickly in the morning before other visitors were active.  This may not affect pollinator 
preferences: most bees collect pollen rather than nectar from flowers, and most flies did not 
appear to be collecting nectar during visits as they neither entered corrolla tubes nor approached 
flowers from the back.  Although nectar removal by ants may not affect attractiveness to other 
visitors, other ant behavior may.  In ELK and NED, aggressive ants were observed attacking 
approaching bees on several occasions.  Bees and ants have only been observed on the same 
plant on a few occassions, so the frequency of this behavior is unknown.   
For other taxa where ants constitute the most common or constant visitors, and where 
plants produce dense flowers low to the ground, ants may be effective pollinators (Gomez 2000, 
Ashman and King 2005).  Ants can kill pollen with chemical secretions on their bodies (Beattie 
et al. 1985), however, viability tests of  E. capitatum pollen suggest that it may be less 
susceptible than pollen of other plants (data not shown).  This may be of little importance, as ants 
only rarely contacted reproductive parts, but they are such frequent visitors that they may 
perform some pollination service.  In addition to possible effects as pollinators, ants may benefit 
plants by deterring some herbivores, though such interactions were never observed in the field.  
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The incidence of galls differed among years, but was not different among sites.  Height 
was a significant predictor of the number of galls, perhaps because height is strongly related to 
the number of flowers produced (ie. sites for galls).  However, WAK and GBT had greatly 
increased numbers of galls in 2006 compared to 2005, despite having much shorter plants, on 
average.  NED and ELK had roughly equivalent numbers of galls from year to year, despite 
lower average height in 2006.   Although the effects of non-pollinating gall-forming insects that 
interact with flowers have been studied in fig-fig wasp mutualisms (eg. Kerdelhue and Rasplus 
1996, Wang et al. 2010), the effects of flower bud galls on pollination in other systems are 
relatively unstudied.  They have the potential to both affect fitness directly, through decreased 
ovules for fertilization, and indirectly, through reduced pollinator attractiveness. 
Unlike galls, which are formed by gall midges (Cecidiomyiidae), petal damage is caused 
by a wide variety of insects.  Beetle larvae (Nitidulidae), which spend most of their time in 
flowers, are common sources of damage.  However, other insects, including megachilid bees, 
lepidopteran larvae and grasshoppers, damage petals of E. capitatum.  The types of damage 
caused by all of the herbivores that feed on petals are difficult to distinguish, and petal damage 
thus reflects the preference and abundance of a number of insects.  In general, the study 
populations had relatively equal amounts of petal damage. Because the insects responsible for 
damaging petals were rarely observed, differences among populations in assemblages of petal-
feeding herbivores could not be evaluated. 
With the exception of an increase in ant visits as a proportion of total visits, herbivory on 
flowers differed more between years than among populations.  Several types of herbivory are likely 
to have significant impacts on plant fitness.  Galls prevent flowers from opening and setting fruit, so 
investment in those flowers is lost, and reduced floral display size could have impacts on the 
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attractiveness of plants to pollinators.  Both petal herbivores and ants may impact fitness directly 
through loss of resources and indirectly through reduction in pollinators (Burkle et al. 2007, McCall 
2010).   
Conclusions: 
Populations of E. capitatum in this study region differed in phenotype and pollinator 
community composition, with bees being more common visitors at lower elevations and flies being 
more common at higher elevations.  Populations experienced different incidences of galling insects 
in different years, and the relative frequency of ant visitors increased with elevation, but otherwise, 
differences in herbivory were more apparent between years than among populations.  Trait 
differences other than color were patchy, rather than continuous with elevation.  It is possible that 
differences among populations in pollinator visitation and temporal differences in herbivory have 
acted to cause differentiation in plant traits.  
 
  
28
	    
 
2005 GBT WAK NED ELK 
Ant 0.24 0.46 0.45 0.85 
Flies 0.02 0.12 0.04 0.23 
Bees 0.13 0.07 0.06 0.04 
Meligethes NA 0.04 0.00 0.00 
Total Pollinator  0.15 0.23 0.10 0.27 
  
  
2006 GBT WAK  NED ELK 
Ant 0.16 2.39 0.04 0.50 
Flies 0.09 0.61 0.01 0.19 
Bees 0.02 0.52 0.01 0.18 
Meligethes 0.07 0.10 0.00 0.02 
Total Pollinator  0.18 1.34 0.01 0.47 
 
APPENDIX 2-1.  Visits / flower / hour, calculated using the average number of flowers per 
plant × the number of plants.  Ant visits increased as a proportion of total visits in higher 
elevation populations, and this did not seem to decrease the overall visitation rate by pollinators. 
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CHAPTER III 
 
 
THE GOOD, THE BAD AND THE FLEXIBLE:  PLANT INTERACTIONS WITH 
POLLINATORS AND HERBIVORES OVER SPACE AND TIME ARE MODERATED 
BY PLANT COMPENSATORY RESPONSES 
 
 
ABSTRACT 
Plants are sessile organisms that face selection by both herbivores and pollinators.  
Herbivores and pollinators may select on the same traits and/or mediate each others’ effects.  
Erysimum capitatum (Brassicaceae) is a widespread and variable plant species with generalized 
pollination that is attacked by a number of herbivores.  I addressed the following questions: (1) 
Are pollinators and herbivores attracted by similar plant traits?  (2)  Does herbivory affect 
pollinator preferences?  (3) Do pollinators and/or herbivores affect fitness and select on plant 
traits? (4) Do plant compensatory responses affect the outcome of interactions among plants, 
pollinators and herbivores? (5) Do interactions among E. capitatum and its pollinators and 
herbivores differ among sites and years?  In 2005 and 2006, I combined observational and 
experimental studies in four populations at different elevations to examine selection by 
pollinators and herbivores on floral traits of E. capitatum.  Pollinator and herbivore assemblages 
varied spatially and temporally, as did their effects on plant fitness and selection.  Both 
pollinators and herbivores preferred plants with more flowers, and herbivory sometimes reduced 
pollinator visitation.  Pollinators did not select on plant traits in any year or population and E. 
capitatum was not pollen limited, however, supplemental pollen resulted in altered plant resource 
allocation.  Herbivores reduced fitness and selected for plant traits in some populations, and 
these effects were mediated by plant compensatory responses.  Individuals are visited by diverse 
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groups of pollinators and herbivores that shift in abundance and importance in time and space.  
Compensatory reproductive mechanisms mediate interactions with both pollinators and 
herbivores and may allow E. capitatum to succeed in this complex selective environment.   
 
INTRODUCTION 
 The evolution of reproductive traits in animal-pollinated plants has been increasingly 
viewed in light of natural selection by both pollinators and herbivores (Louda and Potvin 1995, 
e.g. Armbruster 1997, Herrera et al. 2002, Irwin et al. 2004, Armbruster et al. 2009, Gomez et al. 
2009, Whittall and Carlson 2009).  Pollinators and herbivores can interact in several ways to 
simultaneously influence the evolution of plant traits.  First, selection by herbivores can be so 
strong that it precludes the possibility of selection by pollinators (e.g. Herrera 2000).  For 
instance, selection by ungulates feeding on flowering stalks overrides selection by pollinators in 
both Erysimum mediohispanicum and Hormathophyllum spinosum (Gomez and Zamora 2000, 
Herrera et al. 2002, Gomez et al. 2009).  Second, the same or correlated traits can be under 
selection by both pollinators and herbivores, producing adaptive compromises and exaptations 
(Galen and Cuba 2001, Ehrlen 2002, Irwin et al. 2003, Adler and Bronstein 2004, Armbruster et 
al. 2009).  For example, ants which reduced fitness and bumblebees which increased fitness in 
Polemonium viscosum preferred similar floral characteristics, producing counteractive selective 
effects (Galen and Cuba 2001, Galen and Butchart 2003).  Third, herbivory can alter plant 
attractiveness to pollinators directly, by damaging attractive structures, or indirectly, through 
plant responses to damage (e.g. Juenger and Bergelson 1997, Krupnick et al. 1999, McCall and 
Irwin 2006, McCall 2008, 2010).  Pollinators often prefer flowers that are undamaged, and in 
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many cases, any form of floral damage may reduce pollinator visitation (Adler 2000, McCall 
2010).   
Plant responses to herbivory may either limit or exacerbate the effects of damage.  
Herbivory may result in compensatory responses such as increased flower production (Paige and 
Whitham 1987, Agrawal 2000, Juenger and Bergelson 2000), reducing any negative effects of 
damage on plant-pollinator interactions.  However, plants also may reduce flower production 
when damaged (Krupnick et al. 1999, Sharaf and Price 2004).  Krupnick, et al.  (1999), for 
example, found that floral herbivory caused plants to produce fewer flowers and receive fewer 
pollinator visits.  Such developmental responses are critical components of the complex interplay 
among plants, pollinators, and herbivores, but rarely have been addressed in multiple populations 
in the context of both pollinator visitation and herbivory.  
Pollinator and herbivore assemblages often vary among plant populations (Herrera 1988, 
Kearns 1992, Dilley et al. 2000, Rand 2002, Bradley et al. 2003, Aigner 2005, Gomez et al. 
2010) and can create geographically distinct selection regimes that result in phenotypic 
differentiation among plant populations (Thompson 1988, Rey et al. 2006, Gomez et al. 2009).  
This may be particularly true for plant species that occupy montane regions, which are very 
heterogeneous over short distances in both micro-climate and co-occurring species (reviewed in 
Lomolino 2001).  In addition, elevational gradients often have been associated with population 
differentiation in plants (Linhart and Grant 1996).  For this reason, mountainous regions provide 
excellent opportunities to examine the effects of different pollinator and herbivore communities 
on plant traits.   
I combined observational and experimental studies across an elevational gradient in the 
Colorado Rocky Mountains to examine natural selection by pollinators and herbivores on traits 
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of Erysimum capitatum.  E. capitatum is a widespread native species that varies in flower color, 
flower number, size, and other characteristics throughout its range (Price 1984).  Preliminary 
observations of this species suggested it was visited by many different pollinators and 
herbivores, and that the composition of pollinator and herbivore communities varied among sites.  
I addressed the following questions: (1) Are pollinators and herbivores attracted by similar plant 
traits?  (2)  Does herbivory affect pollinator preferences?  (3) Do pollinators and/or herbivores 
affect fitness and select on plant traits? (4) Do plant compensatory responses affect the outcome 
of interactions among plants, pollinators and herbivores? (5) Do interactions among E. capitatum 
and its pollinators and herbivores differ among sites and years?   
 
MATERIALS AND METHODS 
Study species:  Erysimum capitatum (Brassicaceae) is native throughout most of the United 
States (USDA 2004) and northern Mexico in lowlands and montane areas (Turner 2006).  It is 
often a biennial, although life history varies among individuals and populations, and requires 
insect visitation for full fruit set (Price 1984).  Plants flower from early spring to mid-summer 
(USDA 2004), and populations of E. capitatum are characterized by  variation in flower color 
and other traits across the species range (Price 1984, Weber 1990).  Flowers may be white, 
lavender, or range from yellow to red (Price 1984).  All populations and individuals studied are 
recognized as a single species.  The taxonomy and identification of E. capitatum is currently 
under debate, however, and the great phenotypic variation within this species may be the result 
of hybridization events between subspecies (Turner 2006).   
Populations: Four study populations were located in the Front Range of the Eastern slope of the 
Rocky Mountains of Colorado.  The Elk Meadow population (ELK) is in a subalpine dry 
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meadow at 2900 m.  The population at Nederland (NED) is in open lower montane Ponderosa 
pine forest at 2590 m.  The Walker Ranch population (WAK) is in open lower montane 
Ponderosa pine forest at 2209 m.  The Greenbelt Plateau population (GBT) is in a short-grass 
prairie at 1980 m.  Complete descriptions of these vegetation types are in Marr (1967).  In the 
lowest-elevation population, GBT, flowering begins as early as March, and continues through 
early June.  In the highest-elevation population, flowering begins in late June and continues 
through mid-July, though some plants have flowers as late as August.  At each location, I 
performed a combination of observational and experimental studies. 
Observational study and selection analysis 
To examine the nature of pollinator and herbivore preferences, and their relationship with 
fitness, I measured plant traits, pollinator and herbivore visitation, and plant fitness in the four 
study populations on 50-200 haphazardly selected flowering plants in 2005 and 2006.  Sample 
sizes differed among population and years for several reasons. First population size and density 
differed both among populations and between years. In addition, I attempted to choose plants 
before they had bolted in 2006 in NED and WAK, and some of these plants did not bolt.  
Phenotypic characters:  I measured corolla width, corolla tube depth, petal color, number of 
open flowers, stem diameter, and the total number of flowers that had opened by harvest. The 
count variables (open and total flowers) were square-root transformed to improve normality.  
I quantified flower color by comparing flowers to color chips (Behr paint chips of colors 
yellow S-G-390 to red S-G-230) in the field, and confirmed the accuracy of this method using 
digital photographs and standardized RGB color values.  Yellower color was quantified as a 
larger number and redder color as a smaller number.  Flower width and flower depth were 
measured in the field with digital calipers.  Width was the diameter of the flower from the tip of 
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one corolla lobe to the tip of the opposite lobe, and depth was the distance from the base of the 
calyx to the angle between the claw and the limb of the corolla.  Flowers were considered to be 
“open” if they retained at least 3 petals (flowers with damaged limbs damaged were counted as 
“open” if they retained at least 3 attached claws).  Inflorescence height was measured from the 
ground to the apex of the tallest inflorescence.  Heights were measured at harvest so that all 
plants would be at the same developmental stage.  Stem diameter was measured 30 mm above 
the ground on the tallest inflorescence.   
Measurements of plant characteristics were repeated on up to four days, or on multiple 
flowers per day, though it was not possible to obtain equal repetitions of all measurements on all 
plants due to weather and flower availability.  In 2005, I measured corolla width and depth for 
the oldest and newest open flowers, and one haphazardly chosen flower in between.  When 
plants had 3 or fewer open flowers, all were measured.  Preliminary analyses of 2005 data 
suggested that these multiple measures were unnecessary, as the difference in floral characters 
among plants was much greater than differences in floral measurements on the same plant, so in 
2006, I measured corolla width and depth on one flower per plant.   
I collapsed multiple measurements for all phenotypic characters into a single measurement 
per character per plant.  For characters such as corolla width, where differences among 
measurements due to intraplant variation or measurement error were likely to be the biggest 
contributors to within-plant measurement differences, I used the averages of all measurements 
per plant as the character values.  For characters such as inflorescence height, for which the 
greatest contributor to differences among measurements was likely to be plant growth, I used the 
maximum recorded value for each plant as the character values.   
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Sampling schemes differed slightly between years.  In 2005, I attempted to choose plants 
that would have open flowers throughout the planned period of pollinator observations.  In 2006, 
I increased sample sizes in many sites. Because of this change, plants were larger, on average, in 
2005 than in 2006.  This may have changed estimated effects of plant size variables if there were 
non-linear effects of size characters, which I did not test for. 
Insect visitation:  To quantify pollinator preferences and the relationships between visitation 
and fitness, individual observers watched groups of 1-10 plants for10-minute periods between 9 
AM and 3 PM, which covered peak visitation times.  Observations of each plant were repeated 
twice per day for as many days as was possible given weather, availability of observers, and 
availability of flowering plants (total number of minutes per population are in Appendix 1).  
Visitors were identified to functional groups (described below) to reduce training time for 
observers, and insects were not collected until all observations had been completed to avoid 
influencing visitation on subsequent days. Ants were included regardless of where on the plant 
they were observed, because tracked individual ants always collected nectar, but rarely contacted 
reproductive parts.   
Visitors were assigned to the following functional groups: large bees, medium-sized bees, 
small bees, flies, pollen beetles, and ants.  Because there were very few visitors from some bee 
size classes, I added all bee visitors together in the final analysis. 
The number of observations differed among plants due to weather, and individual plant 
flowering times.  To incorporate the number of observations into a measure of visitation by each 
functional group, I added 0.10 to the total count of visitors from a particular functional group and 
divided by the number of observations carried out, then log-transformed this measure of 
visitation to improve normality.  Any functional groups for which 26 or fewer visits were 
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observed in a given year and site were excluded from analyses because I determined that this 
sample size was too small to make meaningful estimates of parameters.   
Herbivory:  I studied associations between herbivore damage, plant traits, and fitness.  Three 
general types of herbivory were common at all sites: petal damage, flower bud galls, and nectar 
robbing by ants.  A fourth type of herbivore, coleopteran stem borers, was common only at 
WAK.   
A variety of petal herbivores created visually similar damage, so there was no reliable way 
to determine what herbivore had damaged a flower and petal damage from all consumers was 
measured together.  Damage levels for individual flowers were recorded.  Petal limb damage was 
scored 1 to 4, and 5 indicated complete destruction of anthers and stigma.  Level “1” 
corresponded to 10% damage or less, “2” to damage between 10% and 25%, “3” to 25-50%, “4” 
to 50% or more.  I then log-transformed the sum of all damage scores from all flowers for each 
plant for the day of the season with the most petal damage. 
Gall midge larvae (Cecidomyiidae) form galls from flower buds and typically prevent 
flowers from opening.  I counted flower bud galls on each observation day and used the log-
transformed maximum count for galls found on a single day over the observation period in 
analyses because galls remained on the plant throughout observations.    
Nectar removal by ants was measured as the number of ant visitors observed, as explained in 
the previous section. 
Stem borers were unidentified beetle larvae that typically killed whole inflorescences.  
When this type of herbivory could be distinguished from mammalian herbivory, it was included 
in analyses.    
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Mammalian herbivores, chiefly pocket gophers and ruminants, damaged standing 
inflorescences in the three highest elevation locations (WAK, NED and ELK).  Because both 
ruminants and gophers often removed tags or rendered them illegible, it was difficult to tell 
whether plants were still alive but had lost identifying information or if they had been killed by 
mammalian herbivores.  Therefore, study plants were removed from analysis whether they were 
clearly affected by mammalian herbivores or if their tags could not be found.  Overall, between 
10 and 25 plants were removed from analyses for WAK, NED and ELK in each year.   
Fitness:  Plants were collected after senescence.  The total number of flowers produced by plants 
was obtained by counting fruits and scars of flowers that reached anthesis but aborted.  To 
estimate female fitness, the lengths of each silique were measured and added together.  The 
number of seeds per silique is positively correlated (R2=0.69, P<0.01) to the length of the 
siliques (C Lay, CU Boulder, unpubl.  res.), and using this measure allowed me to measure the 
fitness contribution of dehisced siliques.  Estimated fitness was total silique length; this value 
was log-transformed to improve normality. 
Analysis of visitation, herbivory, and fitness: For each population and year where there were 
sufficient visitation data, structural equations modeling (SEM) was used to examine the 
relationship between visitation, herbivory, and plant traits.  I created an inclusive model and 
compared nested models to more inclusive ones.  Because GBT 2005 was heavily damaged by 
cattle and was missing all fitness data, it was impossible to run multigroup analysis (Grace 2006, 
Rey et al. 2006) to determine whether the same model would apply to all populations.  
Preliminary analysis suggested that populations and years were too dissimilar in the types of 
visitors and herbivores present to use the same model for all populations and years, and the 
saturated model was unidentified in some populations and years.  Because of these issues, I 
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created separate inclusive models for each population and year.  The most-inclusive models were 
intended to be as similar to one another as possible, given population differences.  The most-
inclusive models for each population are shown next to the best-fit models in the results.  All 
structural equations modeling (SEM) was performed in the sem package in R (Fox  et al. 2010), 
which uses full-information maximum likelihood to estimate path strengths.  I calculated 
covariance matrices using pairwise complete observations, and interpreted standardized path 
coefficients.  Independent variables were centered (by subtracting the mean) to allow comparison 
of parameter estimates among populations, and some were transformed to improve normality.  
For each population, I chose the simplest model that had a significantly lower Chi-square value 
than simpler models.  Only significant paths are included in Figs 1-5.  Models with lower Chi-
square values are a better fit to the data than models with higher Chi-square values.  Although 
transformations improved normality of the variables on which they were used, the transformed 
variables are not normal, and this can affect the validity of p-values (Tabachnick and Fidell 
1996b).  I therefore show the best-fit models even when the Chi-square value is significant and 
include corrected values of Akaike’s Information Criterion (AICc).  
Experimental Manipulations 
To test the importance of pollinator visitation for plant fitness, the effect of herbivory on 
plant fitness, and any joint effects of herbivores and pollinators, I added pollen and insecticide on 
50-200 haphazardly selected plants in 2005 and 2006.  Where possible, I used four treatments in 
a fully factorial two-way design: control, hand pollination, insecticide application, and 
insecticide application plus hand pollination.  In GBT and ELK, insecticide use was not possible 
due to environmental concerns, and only hand pollination and control groups were included.  
Plants were haphazardly assigned to treatments, and some were lost throughout the season.  To 
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add pollen, I collected anthers from 10-15 nearby plants, mixed them in a glass vial, then applied 
the pollen to receptive stigmas with a paintbrush.  Vials were replenished as needed from nearby 
plants.  Insecticide was added to plants before observations and pollinations began.  In 2005, 
pollen was added every other day, but greenhouse experiments showed that pollinating every 
third day was sufficient for pollinating all the flowers on a plant, so pollen was added every third 
day in 2006.   
In 2005 and 2006, different insecticides were used.  In 2005, I used a topical insecticide 
spray consisting of 0.5% fenbutatin and 8% acephate, and sprayed all other plants with water to 
simulate insecticide addition.  I found this treatment was not very effective in deterring herbivory 
and switched to a systemic insecticide (Marathon 1% granular imidacloprid) insecticide in 2006 
which was added and watered in to the bases of plants at the beginning of flowering (some plants 
had already bolted).  In GBT and ELK, it was not possible to use insecticide due to 
environmental and/or permitting considerations, and only pollen addition was performed.  
Estimated female fitness was measured as in the observational study.  For experimental plants, I 
also calculated the average length of siliques produced by each plant, the total number of 
flowers, and the number of aborted flowers.  Counts of total and aborted flowers were square-
root transformed to improve normality in all populations and years, and average silique length 
was square-root transformed where it was variable enough to create non-normal distributions of 
residuals.   
Analysis of experimental results:  ANCOVA with height of the tallest inflorescence at harvest 
a covariate was used to test the effects of treatment, and, in some populations, galls, on total 
fitness.   
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Analysis of compensatory response: To determine whether plants arrived at similar fitness 
outcomes through variation among the components of total silique length (total flowers, aborted 
flowers, and average silique length), I included these as dependent variables in a multivariate 
analysis of covariance (MANCOVA), with height as a covariate.  In populations where the 
number of galls present on experimental plants was measured, the count was included as a 
covariate and square-root transformed when it was variable enough to create non-normal 
distributions of residuals. Inflorescence height at harvest was centered by subtracting the mean 
from all values.  The MANCOVA allowed us to identify independent variables that affected any 
of the fitness components so I could examine the nature of those changes in further univariate 
stepdown analyses.   
Because the purpose of the MANCOVA was to determine which variables to include in 
further stepdown analysis, I interpreted the MANCOVA significance tests of type II sums of 
squares.  Significance tests of type II sums of squares are valid for all effects in models that have 
no significant interaction terms, and for interaction terms in models with significant interactions.  
They are sometimes preferable because main effects are not calculated while controlling for 
interactions (Fox 2008).  I identified potential multivariate outliers using the mvoutlier package 
in R (Gschwandtner and Filzmoser 2009), and univariate outliers using plot from the base 
package (R Development Core Team 2010b).  Although there were several apparent outliers, 
they did not affect the outcome of significance tests so no observations were removed.    
When there were significant effects of independent variables on the dependent variables, 
those independent variables were included in univariate ANCOVA stepdown analyses for each 
dependent variable.  I based this procedure on Roy-Bargmann stepdown analysis (Tabachnick 
and Fidell 1996a).  Stepdown analysis is used to determine how independent variables affect 
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dependent variables.  Dependent variables of most interest or importance (in this case aborted 
flowers) are regressed on independent variables, and are then included as independent variables 
in analyses of dependent variables of lesser interest.  I analyzed aborted flowers first, then total 
flowers, then average silique length.  I included observations even if it was not possible to 
measure one of the dependent variables, so in some cases, the sample size is different for 
different variables.  I used significance values from type III sums of squares in the stepdown 
analysis to improve interpretation main effects. Stepdown analyses were performed with glm in 
R (R Development Core Team 2010b).  Because Bonferonni adjustments did not change the 
interpretation of significance levels for total flowers and aborted flowers, and average silique 
length was not strongly correlated with the other two dependent variables (Appendix 3-2), I 
interpreted non-adjusted p-values. 
 The details of sampling and analysis differed slightly among populations for both 
observational and experimental studies.  These differences are explained in the results in figure 
and table captions for each year and population. 
 
RESULTS 
Summary of results for pollinator and herbivore preferences for each population and year: 
Pollinator and herbivore preferences (Observation):  I used the best-fit models produced by 
observational study to determine pollinator and herbivore preferences and relationship between 
herbivory and pollinator visitation.  Comparisons of most-inclusive and best-fit models for each 
site and year are shown in Table 3-1.   
Fitness effects of pollinators and herbivores (Observation and Experiment): Best-fit models of 
data from the observational study show selection (paths that link traits to fitness, sometimes 
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99.05 
 
-- 
 
 
 
 
ELK 
2005 
 
 
 
 
 
ELK 
2006 
 
 
 
 
 
 
N
ull 
170.55 
45 
 
 
 
N
ull 
374.33 
55 
 
 
 
Inclusive 
33.87 
14 
<0.01 
190.41 
 
Inclusive 
38.44 
17 
<0.001 
230.57 
 
B
est-fit 
52.35 
34 
0.02 
107.48 
 
B
est-fit 
61.76 
36 
0.004 
146.98 
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through pollinator visitation and herbivory).  Pollinators and herbivores can affect fitness (total 
silique length) without selecting on measured plant traits if there are no links between traits and 
visitation.  Paths that go from traits to pollinator visitation and herbivory to fitness are taken as 
evidence of selection by visitors on particular traits.  Fit statistics, including corrected AIC 
values, for complete sets of tested models are given in Appendices 3-3 and 3-4 as are the most-
inclusive models for each population and year (Appendices 3-5 to 3-6).  Experimental additions 
of pollen and insecticide also identified fitness effects of pollinators and herbivores.  Main 
effects of pollen, insecticide and plant size, as well as significant interaction terms are detailed 
below, and full tables of the ANCOVA analyses are in Appendix 3-7. 
GBT 2005  (Fig 3-1A) 
Pollinator and herbivore preferences: Plants with more flowers at the beginning of the study 
received more bee visits, ant visits and had sustained more petal damage before observations 
began.  Plants with wider, shallower flowers received more bee visits, but these characters did 
not affect herbivory. 
Fitness effects of pollinators and herbivores:  Plants were trampled by cattle and neither the 
fitness of observational plants nor the effect of experimental pollen manipulations could be 
assessed.   
GBT 2006 (Fig 3-1B) 
Pollinator and herbivore preferences: Bees preferred plants with wider flowers.  Plants with 
more flowers produced over the course of the season received more beetle visits but also had 
more galls.  Ants preferred plants with more open flowers, and plants with more open flowers 
had more petal damage, but the number of open flowers did not affect pollinator visitation. 
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Fitness effects of pollinators and herbivores: Estimated fitness was directly increased by total 
number of flowers (Fig 3-1B).  Plants with more total flowers had more galls, and plants with 
more galls were less fit than plants with fewer galls (Fig 3-1B).  There were no effects of ants, 
petal damage or pollinator visitation on fitness (Fig 3-1B).  Experimental treatments (data from 
47 supplemental pollen and 45 control plants were used) showed that pollination did not change 
fitness as measured by total silique length (β=0.29, F1,88=0.10, P=0.37) when controlling for 
height (β=0.11, F1,88=41.99, P<0.0001).  Insecticide was not applied at this site; treatments 
included only control and supplemental pollen addition.   
WAK 2005 (Fig 3-1C) 
Pollinator and herbivore preferences: Fly visits and petal damage were positively related to the 
total number of flowers.  Galls were not common enough to measure and preferences of borers 
were not tested.   
Fitness effects of pollinators and herbivores: Plants with more total flowers had greater fitness 
(Fig 3-1C).  Stem borers reduced fitness (Fig 3-1C), but their preferences were not measured in 
this year, so there is no evidence for selection by borers on any measured trait.  I found no effects 
of ants, petal damage or pollinator visitation on fitness (Fig 3-1C), and galls were not common 
enough to include in this year.   
 Experimental treatments (data from 26 control, 29 supplemental pollen, 24 insecticide and 
25 supplemental pollen and insecticide plants were used) showed that fitness was not limited by 
pollen availability (β=-0.06 F1,97=0.11, P=0.97).  Fitness increased with height (β=0.06, 
F1,97=35.76, P<0.0001) but did not change with insecticide application (β=0.18, F1,97=1.51, 
P=0.22). 
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WAK 2006 (Fig 3-2A): 
Pollinator and herbivore preferences:  Plants with more open flowers had more bee visits, ant 
visits, and damage.  Bees preferred redder, narrower, deeper flowers, while ants preferred wider, 
shallower flowers.  Plants with more total flowers had more galls.  Borers tended to attack plants 
with thicker stems. 
Fitness effects of pollinators and herbivores: Total flowers increased fitness (Fig 3-2A).  Stem 
borers preferred thicker stems and reduced fitness.  Therefore, borers select for plants with 
narrower stems (Fig 3-2A).  There was no selection by pollinators, ants, or petal herbivores (Fig 
3-2A).  Experimental treatments included 51 control, 22 supplemental pollen, 53 insecticide and 
23 supplemental pollen and insecticide plants. Galls were included as a predictor variable in 
analyses of treatment effects.  In general, female reproduction was not pollen limited (β=0.43, 
F1,140=0.90, P=0.35), although supplemental pollen improved fitness for plants with galls (β= 
0.45, F1,140=9.07, P<0.01).  Fitness decreased with galls (β= -0.18, F1,140=18.93, P<0.0001).  
There was no main effect of insecticide (β=0.06, F1,140=0.08, P=0.77), but fitness improvements 
associated with height at harvest (β=0.12, F1,140=55.06, P<0.0001) increased on plants treated 
with insecticide (β=0.12, F1,140=12.67, P<0.001).   
NED 2005 (Fig 3-2B) 
Pollinator and herbivore preferences:  Bees and ants preferred plants with more flowers, and 
damage was more common on those plants.  In addition, ants visited flowers that were wider and 
redder more frequently.  Petal damage also was higher on plants with wider, yellower flowers.  
Galls were more common on plants that produced more flowers overall.  Although both bee 
visits and petal damage were associated with greater numbers of open flowers, bees were less 
likely to visit plants with petal damage.   
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FIGURE 3-1.  Best-fit models from structural equations analysis of GBT 2005 (A), GBT 2006 
(B), and WAK 2005 (C).  (A) In GBT 2005, the number of open flowers (*) and petal damage 
were measured on the day before beginning observations.   Data on galls and insect visitation 
were collected between 17 May and 26 May on 75 plants not included in experimental 
treatments.  Neither total silique length nor total flowers could be measured because all plants 
were trampled by cattle. (B) In GBT 2006, measurements were taken for 100 plants not included 
in experimental between 15 May and 23 May.  (C) In WAK 2005 data were taken for 100 plants 
not included in experimental treatments between 1 Jun and 23 Jun; petal damage and open 
flowers were measured on 50 of these plants.  
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FIGURE 3-2 (A) In WAK 2006, data were collected for 270 plants, including plants treated with 
supplemental pollen when it was shown not to affect fitness, were taken between 3 Jun and 20 
Jun.  (B) In NED 2005, measurements were taken on 99 plants not included in experimental 
treatments between 18 Jun and 30 Jun.  (C) In ELK 2005 data were collected on 100 control 
plants between 1 Jul and 20 Jul.  (D) In ELK 2006, data were collected for 187 plants, including 
plants treated with supplemental pollen between 20 Jun and 30 Jul.  For 98 plants on which 
pollen was not added, I observed insect visitation.   
 
Fitness effects of pollinators and herbivores: Fitness increased with total flowers but was not 
otherwise affected by variables included in structural equations models (Fig 3-2B).  
Experimental treatments included 27 control plants, 26 supplemental pollen plants, 27 insecticide 
plant and 24 plants to which both pollen and insecticide were added.  In these plants, fitness 
increased with height at harvest (β=0.04, F1,96=47.47, P<0.0001).  There were no effects of 
pollination (β= 0.11, F1,96=0.45, P=0.50) or insecticide (β= -0.01, F1,96=0.08, P=0.92).
48
	    
 
NED 2006 
Pollinator and herbivore preferences:  Observations of visitors were precluded by wet and cool 
weather in this year and site, so preferences were not modeled.   
Fitness effects of pollinators and herbivores: Preferences of pollinators and herbivores were not 
measured in this year, and observation plants were used as controls in experimental due to poor 
weather conditions for insect observations.  Experimental treatments included 22 control plants, 
20 supplemental pollen plants, 22 insecticide plants and 21 plants to which both pollen and 
insecticide were added.  Galls were included as a predictor variable in analyses of treatment 
effects.  Experimental results showed that fitness increased with height at harvest (β=0.11 
F1,75=57.76, P<0.0001) and decreased with galls (β= -0.21, F1,75=22.52, P< 0.0001), but was not 
affected by supplemental pollination (β= -0.09, F1,75=0.24, P=0.63), or insecticide (β= -0.23, 
F1,75=1.37, P=0.25). 
ELK 2005 (Fig 3-2C) 
Pollinator and herbivore preferences:  Too few bees visited to be included in this year.  Flies 
and ants visited plants with more open flowers, and these plants had more petal damage.  Flies 
visited plants with yellower flowers and ants visited plants with wider flowers more often.  Galls 
were positively associated with total flowers.   
Fitness effects of pollinators and herbivores:  Fitness was affected only by the total number of 
flowers (Fig 3-2C).  Weather and phenology precluded pollination treatments in this site and 
year. 
ELK 2006 (Fig 3-2D) 
Pollinator and herbivore preferences:  Flies, bees and ants preferred plants that had more 
flowers on observation days.  Ants visited plants with wider flowers more frequently.  More 
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damage occurred on plants that had narrower flowers.  Flies were less likely to visit plants with 
galls, and bees less likely to visit plants with substantial petal damage.   
Fitness effects of pollinators and herbivores: Petal damage was associated with reduced fitness 
(Fig 3-2D).  Plants with more total flowers had more galls and galls reduced fitness (Fig 3-2D).  
Experimental treatments included 81 control plants and 76 plants to which supplemental pollen 
were added.  Insecticide was not used in this site.  Galls were included as a predictor variable and 
were variable enough to require square-root transformation.  For experimental plants, fitness 
decreased with galls (β= -0.33, F1,151=10.53, P<0.01).  Pollination did not improve fitness (β= 
0.51, F1,151=3.09, P>0.05).  The positive effect of height (β=0.08, F1,151=53.14, P<0.0001) was 
reduced by added pollen (β= -0.09, F1,151=6.45, P<0.05), suggesting shorter plants may have 
been pollen-limited although taller plants were not. 
Analysis of plant compensatory responses to herbivory and pollination (Experiment):  To 
determine how plant compensatory responses contributed to fitness in the manipulative 
experiments, I tested how inflorescence height at harvest, galls, supplemental pollination and 
insecticide changed at least one of the fitness components including flower abortion, flower 
production and allocation to individual fruits (aborted flowers, total flowers and average silique 
length).  This was done using MANCOVA and stepdown analysis for three components of 
fitness (total flowers, aborted flowers, and average silique length) from experimental plants.  
Fruit number was not included because the numbers of fruit and aborted flowers together 
determine total flower number.  Full tables of MANCOVA results are in Appendix 8. 
GBT 2005:  Plants were trampled by cattle and no fitness components were measured. 
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TABLE 3-2. Stepdown results for fitness components in GBT 2006.  All fitness components 
increase with inflorescence height at harvest. Total flowers increase with aborted flowers, and 
pollination reduces the number of aborted flowers on tall plants. β is the unstandardized 
regression coefficient, or effect size, for each relationship.   
 
 
 
Height Pollination Pollination* 
Height 
Aborted 
flowers  
Total 
flowers  
Aborted 
flowers  
β=0.10 
F1,91=20.29 
 P<0.0001 
β=0.02 
F1, 91<0.01 
P=0.97 
β= -0.14 
F1, 91=5.01 
P=0.03 
-- -- 
Total  
flowers  
β=0.11 
F1,90=50.10 
 P<0.0001 
 
β=0.32 
F1,90=1.46 
 P=0.23 
β= -0.06 
F1,90=1.72 
 P=0.19 
β=0.39 
F1,90=31.81 
 P<0.0001 
-- 
Average 
silique  
length 
β=1.04 
F1,89=10.76  
P<0.01 
β= -0.62 
F1,189=0.02  
P=0.88 
β= -0.71 
F1,189=1.12  
P=0.29 
β= -2.43 
F1,89=3.76  
P>0.05 
β=1.81 
F1,89=1.17  
P=0.28 
 
GBT 2006: When controlling for inflorescence height at harvest (Wilk’s λ=0.78, P<0.0001), 
there was no effect of pollination (Wilk’s λ=0.98, P=0.69) on total flowers, aborted flowers, or 
average silique length.  Even though the interaction between pollination and height did not 
significantly affect dependent variables (Wilk’s λ=0.91, P>0.05), I tested it in the post-hoc 
stepdown analysis.  Inflorescence height at harvest was associated with an increase in the 
number of aborted flowers, total flowers, and average silique length (Table 3-2).  Main effects of 
pollination on flower abortion were not significant, but supplemental pollen decreased the 
positive association between height at harvest and aborted flowers (Table 3-2).  The number of 
total flowers increased with aborted flowers (Table 3-2). 
WAK 2005: Height at harvest (Wilk’s λ=0.47, P<0.0001) and insecticide (Wilk’s λ=0.88, 
P<0.01) significantly affected one or more of the three fitness components, but neither 
pollination (Wilk’s λ=0.99, P=0.98) nor the interaction between pollination and insecticide 
(Wilk’s λ=0.98, P=0.72) had an effect.  Height at harvest was associated with an increase in the 
number of aborted flowers, total flowers, and average silique length (Table 3-3).  Flower 
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production was higher on plants with more aborted flowers and on plants treated with insecticide 
(Table 3-3).   
TABLE 3-3.  Stepdown results for fitness components in WAK 2005.  All fitness components 
increased with inflorescence height at harvest.  Total flowers increased with insecticide and 
aborted flowers.   
 Height Insecticide Aborted  
flowers 
Total 
flowers 
Aborted  
flowers 
β=0.03 
F1,102=8.41 
 P<0.01 
 
β=0.27 
F1,102=2.69 
P=0.10 
-- -- 
Total 
flowers 
β=0.08 
F1,101=70.22  
P<0.0001 
 
β=0.48 
F1,101=10.60 
 P<0.01 
β=0.40 
F1,101=20.30 
P<0.0001 
-- 
Average  
silique  
length 
β=0.69 
F1,100=15.05  
P<0.001 
β= -1.57 
F1,100=0.53  
P=0.47 
β= -1.07 
F1,100=0.64  
P=0.43 
β= -1.02 
F1,100=0.55  
P=0.46 
 
 WAK 2006: I square-root transformed average silique length of these data to improve 
normality.  Galls (Wilk’s λ=0.81, P<0.0001) and the interaction between insecticide and height 
at harvest (Wilk’s λ=0.90, P<0.01) affected the dependent variables.  I tested the interaction 
between pollination and galls in the post-hoc stepdown analysis, even though it did not 
significantly influence variables (Wilk’s λ=0.94, P=0.08), because it affected total silique length.  
Height at harvest was associated with an increase in total flowers and average silique length 
(Table 3-4).  Galls increased the number of aborted flowers, and decreased average silique 
length, but pollination attenuated the negative effects of galls on silique length (Table 3-4).  
Total flowers increased with the number of aborted flowers (Table 3-4).  Insecticide increased 
the positive effects of height on silique length.    
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A
B
L
E
 3-4.  Stepdow
n results for W
AK
 2006.  H
eight at harvest increased total flow
ers and silique length but not aborted flow
ers. 
Som
e siliques w
ere broken at harvest, so sam
ple sizes w
ere sm
aller for m
easures of silique length.  Supplem
ental pollen attenuated the 
negative relationship betw
een galls and silique length.   
  
H
eight 
Insecticide 
Pollination 
G
alls 
Insecticide 
*H
eight 
Pollination 
*G
alls 
A
borted 
flow
ers  
T
otal 
flow
ers  
A
borted 
flow
ers  
β= -1.88x10
-3 
F
1,158 =0.02 
P=0.89 
 
β=0.22 
F
1,158 =1.97 
P=0.16 
β= -0.13  
F
1,158 =0.09 
P=0.76 
β=0.10 
F
1,158 =7.12 
P<0.01 
β= -5.8x10
-3 
F
1,158 =0.046  
P=0.83 
β=0.12 
 F
1,158 =0.70  
P=0.40 
-- 
-- 
T
otal 
flow
ers  
β=0.10 
F
1,157 =7.12 
P<0.01 
 
β=0.03 
F
1,157 =0.10 
P=0.74 
β=0.09 
 F
1,157 =0.11 
P=0.75 
β= -0.01 
F
1,157 =0.36 
P=0.55 
β=0.03 
 F
1,157 =2.43 
P=0.12 
β= -0.02  
F
1,157 =0.04 
P=0.84 
β=0.61 
F
1,157 =144.89 
P<0.0001 
-- 
A
verage 
silique  
length
 
β=0.09  
F
1, 122 =6.59 
P=0.01 
β=0.07 
F
1,122 =0.05 
P=0.82 
β= -1.39 
F
1,122 =2.64 
P=0.11 
β= -0.31 
F
1,122 =14.75 
P<0.001 
β=0.12  
F
1,122 =4.33 
P=0.03 
β= 0.72 
 F
1,122 =7.82 
P<0.01 
β= -5.8x10
-3 
F
1,122 =7x10
-4 
P=0.98 
β= -0.09 
F
1,122 =0.11 
P=0.74 
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NED 2005:  Insecticide (Wilk’s λ=0.87, P<0.01) and height at harvest (Wilk’s λ=0.51, P<0.001) 
significantly affected the three dependent variables, but pollination did not (Wilk’s λ=0.71, 
P=0.55).  Insecticide decreased aborted flowers (Table 3-5).  Height at harvest increased total 
flowers (Table 3-5).  Total flowers increased with aborted flowers (Table 3-5).  Silique length 
increased with aborted flowers and height at harvest (Table 3-5).   
TABLE 3-5.  Stepdown results for NED 2005.  Total flowers and silique length both increased 
with height at harvest.  Plants to which insecticide was added aborted fewer flowers.  Total 
flowers increased with the number of aborted flowers.  Flower abortions were associated with 
longer siliques. 
 
 
 
 
 
 
 
 
NED 2006: Height at harvest (Wilk’s λ=0.47, P<0.001) significantly affected the three 
dependent variables, as did the interaction between pollination and galls (Wilk’s λ=0.85, 
P=0.02).  In stepdown analysis, galls increased aborted flowers, and pollination also increased 
aborted flowers on plants with no galls (Table 3-6).  Pollination reduced flower abortions on 
plants with galls, and the effect increased with the number of galls (Table 3-6).  Total flowers 
increased with aborted flowers and height at harvest, but decreased with galls (Table 3-6).  
Average silique length increased with height at harvest, but decreased with galls (Table 3-6).   
 Height Insecticide Aborted  
flowers 
Total 
flowers 
Aborted 
flowers 
β=0.01  
F1,101=3.18 
P=0.08 
 
β= -0.44  
F1,101=9.44 
P<0.01 
-- -- 
Total 
flowers 
β=0.06 
F1,100=83.34 
P<0.0001 
 
β= -0.29  
F1,100=2.75 
P=0.10 
β=0.35  
F1,100=143.73 
P<0.0001 
-- 
Average 
silique  
length 
β=0.68  
F1,99=1.10 
P<0.0001 
β=2.74 
F1,99=6.26 
P=0.30 
β=4.46 
F1,99=6.27 
P=0.0139 
β= -2.37  
F1,99=2.52 
P=0.12 
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TABLE 3-6.  Stepdown results for NED 2006.  All fitness components increased on taller plants.  
The number of aborted flowers increased with galls, and galls were related to a significant 
reduction in total flowers when controlling for the number of aborted flowers.  Pollination had 
complex effects.  Some siliques were broken at harvest, so sample sizes were smaller for 
measures of silique length. 
 Height Pollination Galls Pollination 
*Galls 
Aborted 
flowers 
Total 
flowers 
Aborted 
flowers 
β=0.03 
F1,81=4.07 
P<0.05 
 
β=0.66  
F1,81=11.04 
P<0.01 
β=0.22 
F1,81=32.59 
P<0.0001 
β= -0.18 
F1.81=7.06  
 P<0.01 
-- -- 
Total 
flowers 
β=0.05 
F1,80=83.34 
P<0.0001 
 
β= -0.32  
F1,80=3.86 
P=0.053 
β= -0.09 
F1,80=6.87 
P=0.0105 
β=0.09 
F1,80=2.55 
P=0.11 
β=0.64 
F1,80=56.66 
P<0.0001 
-- 
Average 
silique 
length 
β= 1.76 
F1,76=40.58 
P<0.0001 
β= -2.99 
F1,76=0.63  
P=0.43 
β= -2.29 
F1,76=7.09, 
P<0.01 
β= -0.03  
F1,76=4.0x10-4 
P=0.98 
β=0.01 
F1,76=4.0x10-5 
P=0.99 
β= -0.55 
F1,76=0.04 
P=0.83 
 
 
ELK 2005: Extremely dry weather precluded pollination experiments in ELK 2005, so I did not 
examine components of fitness. 
ELK 2006:  Galls (Wilk’s λ=0.65, P<0.001) affected the three dependent variables, as did the 
interaction between pollination and height at harvest (Wilk’s λ=0.91, P<0.001).  Stepdown 
analysis showed that galls increased aborted flowers (Table 3-7).  Height at harvest increased the 
number of total flowers as did the number of aborted flowers (Table 3-7).  Silique length 
increased with height at harvest, but this effect decreased with pollination (Table 3-7). 
TABLE 3-7.  Stepdown results for ELK 2006.  Height at harvest was associated with more total 
flowers and longer siliques, but not with aborted flowers.  The number of aborted flowers 
increased with galls silique length decreased with galls.  Supplemental pollen increased fitness 
for some plants.	  
 Height Pollination GALLS Pollination 
*Height 
Aborted 
flowers 
Total flowers 
Aborted 
flowers 
β=4.3x10-3 
F1,149<0.01  
P=0.95 
 
β=0.05 
F1,149<0.01   
P=0.98 
β=1.02 
F1,149=76.44 
P<0.0001 
β =0.03 
 F1,149=3.24   
P=0.07 
-- -- 
Total 
flowers 
β=0.004 
F1,148=40.69 
P<0.0001 
 
β= 0.05  
F1,148=0.20 
P=0.62 
β=0.05 
F1,148= 2.12 
P=0.15 
β=1.99x10-4 
F1,148=0.03 
P=0.88 
β=0.50 
F1,148=82.33 
P<0.0001 
-- 
Average 
silique 
length 
β=0.10 
F1,147=0.25 
P<0.0001 
β=8.34  
F1,147=5.80 
P=0.02 
β= -6.48 
F1,147=4.56 
P=0.03 
β= -0.14 
F1,147=11.52 
P<0.001 
β= -3.40 
F1,147=2.48 
P=0.12 
β= -3.44 
F1,147=1.79 
P=0.18 
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DISCUSSION 
Pollinator and herbivore preferences: 
Pollinators and herbivores may be attracted by similar traits (Strauss 1997, Irwin et al. 2004, 
McCall and Irwin 2006), particularly large flower displays (Brody and Mitchell 1997, Collin et 
al. 2002, Ehrlen et al. 2002).  In the current study, E. capitatum plants that produced more 
flowers over the course of the season and that had more open flowers per day experienced more 
visitation by both pollinators (flies, bees, beetles) and most herbivores (ants, gall midges, and 
petal consumers; Fig 3-3).  Other than flower production, no measured traits simultaneously 
attracted both pollinators and herbivores (Figs 3-1 & 3-2).  For instance, in GBT, wider flowers 
attracted more pollinators but not more herbivores, whereas in other populations, wider flowers 
attracted more ants but had no effect on pollinators.  Divergent pollinator and herbivore 
preferences should allow E. capitatum to escape potential tradeoffs between attracting pollinators 
and herbivores (Adler 2000, Herrera et al. 2002, Irwin et al. 2004).   
 
FIGURE 3-3.  Summary diagram of best-fit models showing traits that attracted both 
pollinators and herbivores.  Arrow thickness indicates the relative strength of an effect.           
See Fig 1 for explanation of symbols. 
 
Herbivory reduced pollinator visits to E. capitatum in some populations.  Bees in NED and 
ELK preferred plants with less petal damage, and flies in ELK preferred plants with fewer galls 
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(Fig 3-4).  In WAK, plants with galls were sometimes pollen limited while plants without galls 
were not, suggesting that galls may have reduced pollinator service to individual flowers even 
though whole-plant visitation was not affected.  Reduced attractiveness to pollinators is a 
commonly observed outcome of floral herbivory (e.g. Kudoh and Whigham 1998, Krupnick et 
al. 1999, Adler 2000, Sanchez-Lafuente 2007, Danderson and Molano-Flores 2010), and is one 
of the primary reasons to measure both pollination and herbivory when examining selection on 
floral traits. 
 
FIGURE 3-4.  Summary diagram of best-fit 
models that showed effects of herbivory on 
pollinator visitation. See Fig 3-1 for 
explanation of symbols. 
 
 
 
 
 
 
Pollinator and herbivore effects on fitness, selection, and plant compensatory responses: 
Pollinators: 
While selection by pollinators can occur when plants are not pollen limited (Parachnowitsch 
and Kessler 2010), pollen limitation makes pollinator-mediated selection more likely to occur.  
The study populations of E. capitatum were not pollen limited during 2005 and 2006.  E. 
capitatum requires out-crossed pollen to set fruit (Price 1984) and greenhouse-grown plants from 
the four study populations did not set fruit unless hand-pollinated (C Lay, CU Boulder, unpubl. 
res.); thus, pollinator visitation is required for reproduction.  Differences in pollinator visitation, 
however, were not related to variation in estimated female fitness in any site or year (Fig 3-5), 
and experimental pollen addition did not result in increased female fitness.  The lack of pollen 
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limitation suggests that plant reproductive success, as measured by total silique length, was 
primarily limited by resource availability, though I did not explicitly test this by adding nutrients 
or water.  Observed levels of visitation were quite low in all populations, yet appear to have been 
adequate given the level of resources available for fruit set.  In contrast, populations of Erysimum 
mediohispanicum in Spain have similar levels of visitation but are pollen limited (Gomez et al. 
2010).  Pollinators in the Rocky Mountain sites may be more effective, or E. capitatum may be 
more capable of avoiding pollen limitation than E. mediohispanicum.   
 
FIGURE 3-5.  Summary diagram of 
individual path analyses that showed effects 
of plant traits and insects on fitness.  There 
was no best-fit model that included fitness for 
either NED 2006 or GBT 2005. See Fig 1 for 
explanation of symbols. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Two separate mechanisms can explain the absence of pollen limitation despite self-
incompatibility and low visitation in all populations.  First, E. capitatum has a long period of 
stigmatic receptivity, up to 7 days when measured by peroxidase assay (C Lay, CU Boulder, 
unpubl.  res.).  Prolonged stigmatic receptivity allows plants to tolerate low frequencies of 
pollinator visitation without loss of fitness (Ashman and Schoen 1994, Bingham and Ort 1998, 
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Navarro et al. 2007).  Second, variation in pollination may be compensated by changes in 
components of fitness (aborted flowers, flower production, and silique length).  In the 
experimental study, the number of aborted flowers (flowers that reach anthesis but fail to 
produce fruit) was associated with a greater number of total flowers (after controlling for plant 
height; Fig 3-6).  This relationship suggests that flowers that do not produce fruit are partially 
replaced by the subsequent production of additional flowers on these indeterminate 
inflorescences.  Pollination also may cause changes in the components of fitness.  For instance, 
in ELK 2006, supplemental pollination led to increased allocation to individual fruits as 
measured by average silique length (Table 3-7).  Also, in GBT 2006, taller plants aborted more 
flowers, but supplemental pollination reduced the number of aborted flowers in taller plants 
(Table 3-2).  These data suggest that E. capitatum may shift resources between flower production 
and developing fruits in response to changes in pollen quality or quantity.   
 
 
FIGURE 3-6.  Relationship between aborted 
and total flowers.  Total flowers increased 
with the number of aborted flowers in all 
populations and years.  Lines show predicted 
values of total flowers for values of aborted 
flowers (both are square-root transformed) 
when accounting for other independent 
variables.  95% confidence intervals of effect 
sizes are too small to be visible on graph. 
 
 
 
Burd (Burd 2008, Burd et al. 2009) suggested that the general prevalence of pollen 
limitation could be the result of stochastic pollination environments that have selected many 
plants to overproduce ovules.  However, the iterative and modular nature of plant reproduction 
was only briefly addressed in Burd’s analysis, and the inclusion of plant response strategy in 
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studying pollen limitation is important (Wesselingh 2007).  Whereas large numbers of ovules per 
flower allow plants to take advantage of high levels of pollen delivered by single pollinator 
visits, the number of flowers (and the ovules they contain) produced by indeterminate 
inflorescences is free to change over time with varying resource conditions as the flowering 
period unfolds (Lloyd 1980, Stephenson 1992, Diggle and Miller 2004).  Sequential, 
indeterminate flowering could be favored over initial overproduction of ovules in some cases 
(Wesselingh 2007).  Mechanisms such as prolonged stigmatic receptivity, indeterminate 
flowering, and reallocation of reproductive resources may be particularly important for E. 
capitatum, which is visited by a diverse group of pollinators and multiple herbivores that may 
differ in time and space.  The reproductive success of individuals with a generalized pollination 
system typically depends more on the frequency and effectiveness of individual visitors than the 
diversity of visitors (Perfectti et al. 2009).  Variation among the study sites in common visitors of 
E. capitatum (C Lay, CU Boulder, unpubl.  res.), and low visitation generally, suggests that not 
all populations have dependable and constant pollinators.  The reallocation of resources to 
production of new flowers and to surviving fruits may reduce the impact of spatiotemporal 
variation in pollinator assemblages as selective agents. 
Herbivores: 
Unlike pollinator visitation, herbivory influenced total fitness in several populations and 
years (Fig 3-5).  Moreover, well-supported paths between herbivore preferences, traits, and 
fitness provide evidence of selection.  For instance, stem borers were most common in WAK and 
preferred plants with thicker stems when their preferences were measured in 2006.  Plants at that 
site had the narrowest stems of the four populations (C Lay, CU Boulder, unpubl.  res.), 
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suggesting that selection by borers in WAK may have resulted in narrower stems compared to 
plants in other populations.   
Petal damage was greater on plants with narrower flowers and more open flowers, and 
because petal damage reduced fitness, petal herbivores selected for fewer open flowers and wider 
flowers in this population and year.  However, the reason for reduced fitness of plants with 
damaged petals was ambiguous.  Petal damage commonly affects plant fitness through reduced 
pollinator visitation (McCall and Irwin 2006).  Bees were less likely to visit E. capitatum plants 
with more petal damage, but the best-fit model for ELK 2006 did not show effects of pollinators 
on fitness.   
Ants never affected plant fitness despite their prevalence as floral visitors, removal of nectar, 
and occasional agonistic interactions with potential pollinators (Fig 3-5), and ant exclusion had 
no effect on fitness (C Lay, CU Boulder, unpubl.  res.).  Therefore, while ants preferred larger 
display sizes and wider flowers (Figs 3-1, 3-2, & 3-3), they were not effective agents of selection 
on these characters in the populations studied.  Species such as E. capitatum that are not pollen-
limited are less likely to experience a reduction in fitness when nectar is removed without 
pollination service (Burkle et al. 2007). 
Galls reduced fitness in all populations in 2006, though not in 2005 (Fig 3-5), and plants 
with more total flowers had more galls.  Total flowers were related to galls only through floral 
abortion (Figs 3-6 & 3-7), however, so it is unlikely that gall midges prefer plants with more 
flowers (and hence, select for fewer flowers).  Instead, this association can be explained by plant 
compensatory response.  Galled flowers were almost always aborted, and plants offset this loss 
by increasing flower production (Figs 3-6 & 3-7).  Plants did not fully compensate for galling; 
galled flowers were only partially replaced by new flowers, and plant investment in individual 
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fruits was reduced on plants with galls, so overall fitness effects of galls were negative.  In 
addition, galls appeared to reduce pollination success, even without affecting visitation.  Added 
pollen increased the length of surviving siliques on plants with galls in WAK 2006, suggesting 
that plants with galls experienced pollen limitation (that is, flowers on galled plants received 
insufficient or inferior pollen) while plants without galls did not.   
 
 
FIGURE 3-7.  Relationship between galls 
and total number of flowers produced over 
the season.  When controlling for the effect 
of aborted flowers on total flowers, galls 
and total flowers are not positively related 
on experimental plants in any of the three 
populations.  This suggests that the positive 
associations between galls and total flowers 
in best-fit models of observational data are 
due to plant compensatory responses. Lines 
show predicted values of total flowers for 
gall counts in each population.  95% 
confidence intervals of effect sizes were too 
small to be seen on graphs.  The negative 
relationship is significant in NED 2006, but 
not in the other two populations. 
 
Plant compensatory responses moderate fitness consequences of both pollinators and 
herbivores: 
Multiple herbivores and damage to multiple tissues are a perennial problem for plants 
(Linhart 1991, Strauss et al. 2005), as is pollinator unpredictability (Ashman et al. 2004, Knight 
et al. 2005, Burd et al. 2009) and E. capitatum is no exception.  Several herbivores strongly 
reduced female fitness, although their selective influences on plant traits were varied and 
relatively independent of one another.  Surprisingly, although pollinator visitation was rare and 
pollinator communities were variable, pollinators did not affect fitness or select on plant traits in 
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the study populations (Fig 3-5).  The effects of herbivores (e.g., gall midges) and infrequent 
pollinators appeared to be moderated by compensatory responses in E. capitatum.  Plants 
produce flowers sequentially and indeterminately, allowing individuals to replace damaged and 
unpollinated flowers over the course of the season.  The development of new flowers in response 
to herbivory is hardly unique to E. capitatum.  Removal of flower buds increases the production 
of new flowers in Brassica napus (Williams and Free 1979), a close relative of E. capitatum, and 
many plants are able to respond to herbivory and uneven pollen receipt among flowers by 
changing patterns of fruit and seed set (Marshall et al. 1985, Stephenson 1992, Knight et al. 
2005, Wise and Cummins 2006, Nunez-Farfan et al. 2007, Wesselingh 2007, Wise and 
Abrahamson 2007).  The heritability of plant resource allocation strategies is difficult to measure 
(but see Juenger and Bergelson 2000, Wise et al. 2008).  However, plant compensatory strategies 
are likely key traits that allow plants to succeed in unpredictable environments with selection 
pressures from multiple interacting partners.   
Spatiotemporal variation in the selective landscape: 
A recent meta-analysis by Harder and Johnson (2009) found that directional selection by 
pollinators is often weak or non-existent and tends to be inconsistent over time and space.  In 
addition, they found that herbivores often produce stronger selection on plant traits than 
pollinators, and positive directional selection for flower number occurs three times more often 
than other commonly measured traits (Harder and Johnson 2009).  My results are consistent with 
these general patterns (see also Strauss and Whittall 2006).   
I did not identify selective effects of pollinators on measured traits of E. capitatum in any 
population or year, and elevational gradients were not associated with any gradual biotic 
gradients (Figs 3-1 to 3-5).  Herbivores selected on specific plant traits, but their prevalence and 
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preferences varied over time and space.  For instance, stem-boring beetle larvae selected for 
narrower stems but were only common in WAK (Fig 3-5).  Insects that caused petal damage 
selected for fewer, wider flowers in ELK 2006, but in no other population or year.  Although the 
prevalence of galls differed somewhat among populations, their effects were similar among 
populations; gall midges decreased fitness in 2006 in all populations and did not affect fitness in 
any population in 2005 (Fig 3-5).  Some of this temporal variation may have been driven by 
water availability or other abiotic factors.  2005 was very dry and many plants at the three 
highest elevation populations in 2005 wilted during observation periods.  Under such conditions, 
water availability was likely the primary determinant of fitness, with pollinators and herbivores 
playing a more minor role. 
As in the meta-analysis (Harder and Johnson 2009), total flower number was the only trait 
that was under selection in all populations and years.  Flower number was always directly and 
positively associated with plant female fitness (Fig 3-5), so overall, selection favored plants with 
more flowers.  The relationship between flower number, insects, and fitness was not always 
straightforward, however.  Structural equations models of observational data suggested that the 
selective benefit of increased flower production was attenuated by gall midges in 2006, as galls 
reduced fitness and were found in greater numbers on plants with more flowers (Fig 3-5).  
Furthermore, experimental evidence suggests that increased flower production actually may have 
been a compensatory response to gall midge attack (Figs 3-6 & 3-7). If increased flower 
production in response to herbivory is common, negative effects of herbivores may obscure the 
positive effects of flower number on fitness. This in turn suggests that selection for increased 
flower number may be even more frequent than was suggested by Harder and Johnson’s meta-
analysis (2009).    Compensatory responses such as flower production may vary among 
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individuals and result in increased phenotypic variation.  Such variation can mediate selection by 
pollinators and herbivores in both time and space (Fordyce 2006).   
Conclusions:  
Individuals of Erysimum capitatum face an adaptive landscape that is shaped by diverse 
generalist interacting partners that shift in abundance and importance in time and space.  
Evidence from both experimentation and observation was used to determine how herbivores and 
pollinators alter this landscape.  Neither pollen limitation nor selection by pollinators was evident 
in E. capitatum, though selection by herbivores was occasionally important.  Compensatory 
reproductive mechanisms may allow E. capitatum to succeed in this complex selective 
environment.  In addition to flower longevity, plants respond to both galls and low pollinator 
visitation by altering flower abortion, new flower production, and allocation to individual fruits.  
Developmental mechanisms that allow plants to make iterative decisions about reproductive 
resource allocation over the course of the flowering season may be under selection in E. 
capitatum.  
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APPENDIX 3-1. Pollinator frequency. Pollinators included bees, flies, butterflies, beetles, and 
all other visitors which contacted reproductive parts. 
 
 
 
Aborted Total  
 
Aborted Total 
flowers flowers    flowers flowers 
GBT 06   
 NED 05   
Total 0.63  
 Total 0.21  flowers  flowers 
Average silique 
length 0.09 0.40 
 Average silique 
length 0.25 0.40 
WAK 05   
 NED 06   
Total 0.49  
 Total 0.80 
  flowers  flowers 
Average silique 
length -0.01 0.15 
 Average silique 
length 0.14 0.25 
WAK 06   
 ELK 06   
Total 0.66  
 Total 0.68  flowers  flowers 
Average silique 
length 6.90E-04 0.17 
 Average sillique 
length -0.15 0.09 
APPENDIX 3-2.  Correlations among components of fitness (square-root transformed aborted 
flowers and total flowers and average silique length). 
 
 
GBT 
2005 
WAK 
2005 
NED 
2005 
MRS 
2005 
GBT 
2006  
WAK 
2006 
NED 
2006 
MRS 
2006 
Total minutes of 
observation 350 560 1020 1500 1690 640 240 730 
Number of plants × 
minutes of observations 1440 2480 3590 3890 8140 1280 7780 3220 
Total pollinators observed 52 77 67 108 190 134 7 123 
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APPENDIX 3-3. Model fit statistics for complete sets of models tested in the analyses of insect 
preference, fitness effects, and selection for GBT 2005, GBT 2006 and WAK 2005 and WAK 
2006. 
  
 MODEL X2 DF AICC 
Akaike  
weights MODEL X2 DF AICC 
Akaike 
weights 
GBT05 1 11.08 6 167.75 0 
     
GBT06 1 29.08 17 217.54 0 
 2 12.23 9 133.09 0  2 35.47 21 196.18 0 
 3 14.86 11 117.03 0  3 36.2 23 184.47 0 
 4 22.99 12 116.99 0  4 44.39 25 181.05 0 
 5 20.39 13 106.87 0  5 55.39 26 186.54 0 
 6 29.46 13 115.94 0  6 47.82 29 163.44 0 
 7 20.62 13 119.73 0  7 49.6 34 142.35 0 
 8 32.99 16 100.14 0  8 53.93 38 130.64 0.02 
 9 20.62 16 87.76 0.004  9 54.03 40 123.36 0.64 
 10 25.34 19 76.89 0.99  10 62.61 42 124.95 0.34 
       11 175.16 46 136.67 0 
      
 
 
 
12 
 
84.72 
 
49 
 
215.63 
 
0 
WAK05 1 33.96 15 155.28 0    WAK06 1 97.65 28 247.15 0 
 2 56.15 17 176.78 0  2 252.75 43 343.63 0 
 3 56.6 19 167.37 0  3 106.21 32 249.9 0 
 4 60.61 20 137.13 0  4 117.7 38 226.33 0.12 
 5 44.38 23 166.67 0  5 118.12 39 223.07 0.63 
 6 44.53 25 129.04 0  6 134.23 43 225.11 0.22 
 7 47.3 31 109.64 0.17  7 150.99 46 231.95 0 
 8 53.96 33 109.66 0.16  8 141.87 44 225.39 0.02 
 9 57.46 35 106.84 0.7  9 160.28 46 241.23 0 
 10 75.93 37 119.3 0.001  10 175.46 50 243.96 0 
 11 117 38 158.03 0       
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 MODEL X2 DF AICC 
Akaike  
weights MODEL X2 DF AICC 
Akaike 
weights 
NED05 1 25.78 15 157.76 0       
 2 32.46 23 134.37 0       
 3 32.46 24 105.33 0       
 4 35.29 25 121.41 0       
 5 35.76 29 120.15 0.04       
 6 32.92 27 109.92 0.004       
 7 36.52 31 99.05 0.89       
 8 115.29 34 167.92 0       
 9 48.22 33 104.06 0.07       
 10 128.47 35 117.97 0       
 11 141.25 40 176.19 0       
ELK05 1 33.87 14 190.41 0    ELK06 1 38.44 17 230.57 0 
 2 37.78 19 161.21 0  2 50.32 23 200.82 0 
 3 41.7 22 170.93 0  3 53.69 25 212.52 0 
 4 42.73 23 144.17 0  4 55.62 27 183.02 0 
 6 44.96 26 131.96 0  5 55.7 28 177.79 0 
 5 42.28 24 138.72 0  6 73.75 29 190.71 0 
 7 45.25 26 132.25 0  7 57.81 30 169.81 0 
 8 48.31 28 126.51 0  8 59.94 34 153.55 0.02 
 9 48.49 29 122.53 0  9 61.76 36 146.98 0.63 
 10 50.48 32 112.8 0.05  10 71.98 38 149.27 0.2 
 11 50.49 33 109.16 0.28  11 93.11 42 155.83 0.007 
 12 52.35 34 107.48 0.66  12 90.67 43 149.99 0.14 
 13 59.92 34 115.04 0.15       
APPENDIX 3-4. Model fit statistics for complete sets of models tested in the analyses of insect 
preference, fitness effects, and selection for NED 2005, ELK 2005 and ELK 2006. 
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APPENDIX 3-5.  Most-inclusive models for GBT 2005, GBT 2006, and WAK 2005. 
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APPENDIX 3-6.  Most-inclusive models for WAK 2006, NED 2005, ELK 2005, and ELK 2006. 
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CHAPTER IV 
 
 
 
ON COMMON GROUND:  ERYSIMUM CAPITATUM AND LOCAL ADAPTATION TO 
POLLINATORS AND HERBIVORES 
 
 
ABSTRACT 
 
Communities of pollinators and herbivores can vary considerably among plant populations 
in their prevalence, importance, and interactions.  In species with generalized pollination systems 
and multiple herbivores, these local differences in biotic communities may drive local adaptation 
for flower and flowering traits.  Conversely, conflicting selection by multiple herbivores and 
pollinators may limit local adaptation and maintain variation within populations.  
 To determine whether there is evidence of local adaptation or maladaptation to pollinators 
and herbivores in Erysimum capitatum (Brassicaceae), a species that shows considerable 
phenotypic variation and interacts with multiple species of pollinators and herbivores, I used 
plants from two populations from separate elevations in a common garden experiment located 
near the lower-elevation population to address the following questions:  1) Do pollinators and/or 
herbivores prefer particular traits of local or non-local plants?  2) Do pollinators and herbivores 
have additive and/or interactive effects on fitness in E. capitatum?  3) Do fitness consequences of 
pollinator and/or herbivore activity differ for local versus non-local plants? 
 In the common garden, E. capitatum plants from the two study populations do not show 
evidence of local adaptation to pollinators and herbivores, though non-local plants produced fewer 
seeds. Plants from both sites were pollen limited in the common garden, although they were not in 
natural populations.  Seed production also increased with the addition of insecticide.  These effects 
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were similar for plants from both sites, so pollinators and herbivores were not responsible for the 
differences in reproduction between the two source sites.  However, non-local plants did produce 
fewer seeds than local ones, and received a greater benefit in mean seed mass from the addition of 
insecticide.  Plants from the two populations differed in seed number and seed mass suggesting 
different patterns of investment. 
 
INTRODUCTION 
 Local adaptation of plants to particular pollinators can be a strong force in shaping flower 
morphology and reproductive characteristics such as flower production and timing (Campbell et 
al. 1997, Caruso et al. 2003, Anderson and Johnson 2009, Schlumpberger et al. 2009, Gomez and 
Perfectti 2010, Nattero et al. 2010). Recently, simultaneous selection by other agents, such as 
herbivores, has been shown to be important in the evolution of plant reproductive features 
(reviewed in Strauss and Whittall 2006).  Despite the many instances of traits that appear to be 
adaptations to particular pollinators, most studies of phenotypic selection have found that 
selection by pollinators tends to be weak and inconsistent, while that by other agents is often 
strong and consistent (Harder and Johnson 2009).  Even so, pollinators and herbivores can 
interact in complex ways to effect selection for plant traits (Louda and Potvin 1995, e.g. 
Armbruster 1997, Herrera et al. 2002, Irwin et al. 2004, Pohl et al. 2006, Armbruster et al. 2009, 
Gomez et al. 2009b, Whittall and Carlson 2009).  Selection by herbivores can overwhelm that by 
pollinators (e.g. Gomez and Zamora 2000, Herrera 2000, Herrera et al. 2002, Gomez et al. 
2009b).  In other cases, conflicting pressures may produce adaptive compromises (Brody 1997, 
Galen and Cuba 2001, Ehrlen 2002, Irwin et al. 2003, Adler and Bronstein 2004, Gomez 2008, 
Armbruster et al. 2009).   For instance, taller plants of Erysimum mediohispanicum are better 
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pollinated, but are attacked more frequently by predispersal seed predators (Gomez 2008).  In 
addition to such conflicting additive effects in which herbivores and pollinators favor different 
values of the same traits, interactive effects of herbivores and pollinators may also occur.  These 
interactive effects occur because herbivory can affect the attractiveness of plants to pollinators 
and pollinators may affect the attractiveness of plants to herbivores (e.g. Juenger and Bergelson 
1997, Krupnick et al. 1999, Cariveau et al. 2004, McCall and Irwin 2006, McCall 2008, 2010).  
For example, Nemophila menziesii flowers damaged by lepidopteran larvae are less attractive to 
bees (McCall 2008), and such reduced attractiveness could increase pollen limitation (McCall 
2010).   
 Such additive and interactive effects may lead to complex patterns of adaptation of plants 
to pollinator and herbivore groups. Communities of pollinators and herbivores can vary 
considerably among plant populations in prevalence, importance, and their interactions (Herrera 
1988, Kearns 1992, Dilley et al. 2000, Gomez and Zamora 2000, Rand 2002, Bradley et al. 2003, 
Aigner 2005, Gomez et al. 2010), creating differences in selection regimes that may result in 
phenotypic divergence and local adaptation among populations  (Thompson 1988, Rey et al. 
2006, Gomez et al. 2009b, Lay et al. 2011).  Conversely, conflicting selection by multiple 
herbivores and pollinators may limit the potential for local adaptation and maintain variation 
within populations.  Therefore, studies of the evolution of flowers and flowering traits designed 
to measure the contribution of these selective agents should include multiple sites to account for 
the existence of selection mosaics.  
 Populations in montane regions provide excellent opportunities to examine the effects of 
different pollinator and herbivore communities on population differentiation (Linhart and Grant 
1996, Lomolino 2001) because of the great variation in abiotic and biotic conditions that occurs 
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over very short geographical distances in these regions.  The present study focuses on Erysimum 
capitatum (Brassicaceae), which occurs over a broad geographical range including montane 
regions, and shows considerable phenotypic variation among populations for traits that may 
affect pollinator and herbivore choices (Price 1984, Chapter 2).  A previous study of four 
populations of this species over an elevational gradient showed that herbivore and pollinator 
communities differed among populations (Chapter 2).  In this study, two of these populations are 
used in a common garden experiment. 
 Although a variety of studies have examined the effects of selection by pollinators and 
herbivores in different locations (Abdala-Roberts et al. 2009, Gomez et al. 2009b, Kolb and 
Ehrlen 2010, Parra-Tabla and Herrera 2011), a common garden approach with plants from 
different populations is critical for determining whether differences in phenotype among 
populations reflect local adaptations to pollinators and herbivores.  Such studies are lacking. 
 Local selection by pollinators and herbivores may result in adaptation to local conditions or 
maladaptation (Thompson 1999).  To determine whether there is evidence of either of these 
outcomes in E. capitatum, I grew plants from local and non-local populations in a common 
garden experiment.  In this garden, I treated plants with added pollen or insecticide in a fully-
factorial design and observed pollinator and herbivore visitation to address the following 
questions:  1) Do pollinators and/or herbivores prefer particular traits of local or non-local 
plants?  2) Do pollinators and herbivores have additive and/or interactive effects on fitness in E. 
capitatum?  3) Do fitness consequences of pollinator and/or herbivore activity differ for local 
versus non-local plants? 
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MATERIALS AND METHODS 
Study species: Erysimum capitatum (Brassicaceae) is native throughout most of the United 
States (USDA 2004, Chapter 2) and northern Mexico in lowlands and montane areas (Turner 
2006).  It is often a biennial, although its life history varies among individuals and populations 
(Price 1984).  Plants flower from early spring to mid-summer (USDA 2004), and populations are 
characterized by variation in flower color and other traits across the species range (Price 1984, 
Weber 1990).  Flowers may be white, lavender, or range from yellow to red (Price 1984).  All 
populations and individuals in the present study are recognized as a single species.  The 
taxonomy and identification of E. capitatum is currently under debate, however, and the great 
phenotypic variation within this species may be the result of past hybridization events between 
subspecies (Turner 2006).   
Sites:  I chose two source populations for which I had studied pollination and herbivory in previous 
years: Greenbelt Plateau Open Space (GBT), a short-grass prairie at 1980 m, and a site near 
Nederland, CO (NED) in open lower montane Ponderosa pine forest at 2590 m. I planted 400 plants 
grown from seed collected in 2004 from these two source sites in a common garden about 3km from 
GBT on the South Campus of the University of Colorado at Boulder. These source sites had plants 
that were phenotypically distinct and subject to different levels of pollination and floral herbivory 
(Chapters 2 & 3). A second common garden of 188 plants near NED experienced heavy damage 
from pocket gophers.  After flowering, but before senescence, pocket gophers clipped tops of 
inflorescences from the bases with identifying tags and often dragged inflorescences a meter or more 
from the base.  This made fitness outcomes for these plants impossible to determine, as some fruits 
contained mature seeds at the point of clipping.  Results from this population will not be reported. 
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Greenhouse and Garden:  Plants were grown in the greenhouse from seed collected from 21 
maternal GBT plants and 19 maternal NED plants in 10cm pots beginning in mid-March of 2007.  
Plants from both source populations began flowering at the same time in February of 2008. To 
prolong the flowering period through the time that they would be installed in common gardens 
(May) and to make sure that all fruits present at harvest resulted from flowers that had reached 
anthesis in the field, I removed flowers and inflorescences once a week until all plants were installed 
in the common garden on 22 May. Study plants were considerably larger than most plants in natural 
populations; they tended to have more inflorescences overall, and more basal inflorescences, 
particularly when primary inflorescences were clipped (unpubl. data).   
I transplanted 400 plants to a common garden near GBT. Eight plants in four treatments 
designed to test the effects of pollinators and herbivores (control, added pollen, added insecticide, 
added both pollen and insecticide) were arranged evenly around the edges of 40 circular plots 1.5m 
in diameter (Fig 4-1A).  These circular plots were placed in eight staggered rows with five groups 
per row, and were 1m apart at the edges of each plot (Fig 4-1B).  Each plot had only one 
representative of any given family and contained an individual from every treatment*source 
population combination.  This resulted in evenly spaced plants that could be easily watched for 
insect visitors during observation periods.   
Plants from each treatment and source population were placed haphazardly within plots.  To 
prevent edge effects from influencing pollinator visitation or plant fitness, I added 63 plants, not 
included in the study, around the edge of the garden.  I added supplemental water as needed 
throughout the season (from every other day to every day during the driest weeks) and fertilized 
once a week with Scotts Peter’s Excel solution (Scotts-Sierra Horticultural Products 
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Company, Marysville, Ohio) with a ratio of 15-5-15 N-P-K mixed to provide 150-200 ppm N.  This 
fertilizer also provides trace amounts of micronutrients. 
FIGURE 4-1.  Design of (A) two sample circular 
plots and (B) overall garden.  (A) There were 8 
plants in each circular plot, 1 from each 
pollination*insecticide*source population 
combination.  “I” indicates insecticide treatment, 
“P” hand pollination, “PI” both hand pollination 
and insecticide ,and “C” controls.  Grey and white 
indicate different source populations.  The position 
of treatment and source population was 
randomized within each plot, although all plots 
contained all 8 treatment*source population 
combinations, and no plot contained more than 1 
member of the same maternal family.  (B) 40 plots 
were arranged in staggered rows of 10 plots for a 
garden of 320 plants, with 80 edge plants (in grey) 
from which no data were taken, but were sometimes 
used as pollen donors.  The dark grey line indicates 
the path taken during 30-s observations.   
 
Pollinator and herbivore preferences:  Multiple reproductive traits that have the potential to affect 
both pollinator and herbivore choice were measured: corolla width, corolla depth, corolla color, petal 
width, height of the tallest inflorescence at the beginning of flowering, and the number of open 
flowers on each observation day. To measure visitation by pollinators, three people watched each 
circular plot for 10 minutes starting at 0900hr and recorded the identity of each visitor and the length 
of visit, on one day per plot.  In addition, I performed as many 30-second observation periods per 
plot as possible on 13 other days.  On most days, it was possible to perform four 30-second 
observations per plot.  30-second observation periods were used to allow a single observer to 
observe all plants at least once within a 20-minute period.  This method reduced the amount of 
variation in pollinator visits due to time of day.  I pooled the number of visits of bees, flies and 
beetles for each plant on each day.  There was no difference between the day with 10 min 
observation and days with 30-second observations that could not be explained by the number of 
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observations, so I included this day with the others.  Because a variety of petal herbivores created 
visually similar damage, there was no reliable way to determine what herbivore had damaged a 
flower.  Therefore, flower damage from all consumers was measured together.  Damage levels for 
individual flowers were recorded on each day, and I did not distinguish between new and old 
damage.  Flower damage was scored “1” to “5” for each flower. Level “1” corresponded to petal 
limb damage10% damage or less, “2” to damage between 10% and 25%, “3” to 25-50%, “4” to petal 
damage of 50% or more, while “5” indicated complete destruction of anthers and stigma.   
Three days were discarded from analyses because flowers and damage were not measured, and 
some plants were discarded because they began flowering after measurements were taken.  I removed 
observations of any plant with 0 flowers on a particular day from analyses, so the numbers of 
observations per plant, per family and per population are unequal.  This left 12 days and 193 plants for 
analyses, with 1493 unique day*plant observations (694 of these were of plants from NED, 799 were of 
plants from GBT).  Although all families were included, some plants were not included at all, and some 
plants and families were only observed once.    
Analyses of pollinator and herbivore preferences:  Source site, pollination and insecticide were 
crossed in a three-way factorial design with repeated measures of pollinator visitation and herbivory 
on several times per day on multiple days for each plant nested in maternal family.  To examine the 
effects of source population and plant characters on pollinator and herbivore preferences while 
controlling for random variation caused by plant identity, maternal family and date, I tested 
generalized linear mixed models (GLMM, Pinheiro and Bates 2000, Gelman and Hill 2007) with 
Poisson error distribution for each dependent variable (BEE, FLY, BEETLE and DAMAGE).  
GLMM is often better for such designs than repeated measures ANOVA as it can be applied to data 
with missing values and imbalance in random (grouping) factors, such as were caused by plants from 
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particular maternal families failing to flower on particular days (Pinheiro and Bates 2000, Bolker et 
al. 2009). I used lmer in the R package lme4 (Bates and Maechler, 2010) for GLMM analyses of 
pollinator and herbivore preferences.  To find significance estimates for parameters, I compared 
likelihood ratios for random effects (plant nested in maternal family crossed with date) and 
interpreted the results of Wald tests for fixed effects (Bolker et al. 2009).  I interpreted the 
significance of fixed effects in the model including all random effects to avoid pseudoreplication.  
Random effects included individual plant nested in maternal family and crossed with date.  
By design, both maternal family and plant were nested within source population (a fixed effect).  
Including these random effects in the model allowed control for any effects of family or plant 
identity or date that were unrelated to measured characteristics and source population.  Data were 
unbalanced, due mainly to differences in flowering time among individuals and families.  Most 
observations did not contain pollinator visits, and data were zero-inflated compared to a typical 
Poisson distribution. However, errors were under- rather than over-dispersed for each dependent 
variable, and further correction was unnecessary.  Fixed effects included number of 30-second 
observation periods, corolla width, corolla depth, corolla color, height, open flowers, damage, 
insecticide treatment, and source population. Observation periods were the same for all plants on a 
given day.  Flower traits, height and insecticide treatment did not change across days but were 
different for each plant.  Open flowers and damage differed across both plants and days. For bees, all 
fixed effects were tested. Inclusion of damage in analyses of fly visitation caused a problem with 
model fitting, likely because there were no instances in which flies visited damaged plants and 
comparatively few flies were seen, so I removed damage from the analysis of fly preference. 
Shriveled and dry petals, a type of damage associated with nitidulid beetles on rapeseed plants, were 
common in the gardens, although this type of damage seemed less common in the natural 
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populations I observed.  Because beetles were likely the cause of some damage, I used beetles as a 
fixed effect in modeling damage, and removed damage from the fixed effects model for beetle 
visitation.  
Tests for fitness effects of pollinators and herbivores and local adaptation:  To test for additive 
and interactive effects of pollinators and herbivores, I crossed hand-pollination and insecticide 
treatments such that there were 4 treatment groups of 40 plants per source site:  1) control, 2), hand-
pollinated only 3) insecticide only and 4) hand-pollinated and insecticide added.  The 19 maternal 
families from NED and 21 maternal families from GBT were crossed with treatment such that there 
were no more than 3 and no fewer than 1 individual per family in each treatment, with most families 
represented by 2 individuals per treatment.  Slight imbalance in the design was caused by plant death 
before the garden was planted.   
Erysimum capitatum requires pollination to set seed (Price 1984), and there are no obvious or 
clear-cut differences in self-incompatibility between populations (personal observation).  I tested for 
reproductive limitation by pollinators, by hand-pollinating all flowers on 80 plants per source site 
(Kearns and Inouye 1993). Pollen was collected in two ways: first, by collecting anthers from 
flowers that had been removed before the start of the experiment and storing them in the freezer for 
later use (Larden and Triboi-Blondel 1994).  Second, I collected anthers from edge plants in the 
garden.  Pollen from 6-10 donors from both populations was mixed in a glass vial by shaking 
collected anthers and stirring, then applied with a small paint brush every third day throughout the 
experiment. 
I tested for the effects of deterring herbivores by treating 80 seedlings from each source site 
(21 maternal families from GBT, 19 from NED) with the systemic imidacloprid insecticide 
(Marathon, 1% granular) in January and in April before planting the garden. Marathon deters a broad 
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variety of herbivores for 4 months or more, and is unlikely to harm pollinators when applied as a 
systemic treatment (Gels et al. 2002, Rogers and Kemp 2003, but see Decourtye and Devillers 
2010). 
Fitness measurements:  Plants were collected after fruits had set but prior to dehiscence so that 
seeds could be counted. Estimated seed set was used as a measure of female fitness. I measured 
fruit length, and counted the number of apparently viable seeds from a subset of fruits on each 
plant and calculated seeds/mm fruit, and counted the total number of fruits.  To estimate seed set, 
I multiplied the average number of seeds per mm of fruit by the total number of fruits and the 
average length of measured fruits.  In addition, I counted scars from flowers that had reached 
anthesis but not set fruit (aborted flowers) for each inflorescence of each plant, and noted the 
number of flowers that had been cut prior to beginning the experiment that were evident on each 
stem (these had also been recorded at the beginning of the study).  I also attempted to distinguish 
increased ovule number per flower from decreased ovule abortion by counting ovules that 
appeared to contain embryos but did not appear viable and ovules that appeared unfertilized 
(unfertilized). Unfertilized ovules were often very tiny and tended to break or blow away during 
counting, and these counts may be less reliable than counts of unfilled or viable seeds.  
 To determine whether differences in seed number between populations were due to innate 
differences in ovule packaging and seed provisioning, I weighed groups of 20 viable seeds per 
plant from a subset of control plants in the experimental gardens and untreated plants in intact 
field populations.  I also weighed groups of 20 viable seeds from a subset of plants in the 
pollination and insecticide treatment groups in the garden plants to better understand how 
pollination and insecticide treatments altered seed production and mass. 
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Analyses of effects of treatments and source population on fitness:  Source site, pollination and 
insecticide were crossed in a three-way design with repeated measures of fitness for each maternal 
family (repeated measure=multiple plants per treatment per family) and plant (repeated 
measure=flowers per plant). I used two different general linear mixed models (GLMM) to test for 
the effects of source site and treatment on reproductive success.  To test for the effects of source site 
and treatment on the entire reproductive output of plants, I used the estimated number of seeds for a 
plant (total length of all fruits*average number of seeds/mm of fruit) as a dependent variable, 
maternal family as a random effect and source site, pollination, insecticide, and the interactions of 
these crossed factors as fixed effects.  The estimated number of seeds for each plant was square-root 
transformed to improve the normality of residuals.  I also examined the effect of treatment, source 
population, and intra-plant variation on the number of viable and inviable seeds found in each fruit, 
as well as the total number of fruits produced and the number of fruits that were aborted.  All 
variables except the number of viable seeds per fruit were square-root transformed to improve the 
normality of residuals.  Residuals from the analysis of viable seeds per fruit were normal, and 
transformation made them less so.  These GLMM included treatment and source population as fixed 
effects and maternal family and plant as random effects. Square-root transformation was used for 
these count variables.  I did GLMM analyses using lmer in the lme4 package in R (Pinheiro and 
Bates 2000, Crawley 2007, Bates and Maechler, 2010) 
 
RESULTS 
Pollinator and herbivore preferences:  During 1220 minutes of observation over 15 days, the 
following flower visitors were observed on experimental garden plants: 311 bees (Bombus spp., 
Lasioglossum (Dialictus) spp., Halictus spp.), 71 flies (Syrphidae, Bombyllidae) and 35 beetles 
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(Meligethes, Nitidulidae).  Small bees (mainly Lasioglossum and Halictus) were the most common 
visitors.  The low number of flies and beetles observed relative to the number of observations 
lowered the power of the analyses to detect preferences of these visitors, as a considerable number of 
visits by these two groups were on days during which flower counts were unavailable.  
Bee visitation depended mainly on date and the number of flowers on a plant on a given day.  
36.92% of the variation in bee visitation was explained by date, 9.13% by plant nested in family, and 
4.91% by family.  For bees, removing either date or the nested term containing both plant and family 
from the model resulted in significant reductions in model fit compared to the model containing all 
terms, but removing either family or plant alone did not (Table 4-1).  Bees preferred plants that had 
more flowers.  There were no significant effects of flower size, color or plant height on bee visitation 
after controlling for date, plant and maternal family (Table 4-2).   
Fly visitation was dependent on individual plant and flower number per plant, though part of 
the dependence on plant may be due to the small number of fly visits (71) included in analyses.  
65.64% of the variation in fly visitation was explained by plant and less than 0.01% was explained 
by either maternal family or date, and plant was the only random factor with a significant effect 
(Table 4-1).  The association of fly visits with individual plants may be an artifact of observing only 
one visit per plant during an observation period.  Flies visited plants with more flowers more 
frequently.  Otherwise, flies had no preferences after controlling for plant, maternal family and date 
(Table 4-2).  
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Log-likelihood=-113.88 
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Log-likelihood=-70.055 
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=2069.90 
Log-likelihood=-1021.55 
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Log-likelihood=-70.062 
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Log-likelihood= -1404.2 *** 
 
 
 
 
Fam
ily crossed w
ith 
date 
A
IC
=707.95   
Log-likelihood= -340.97                                                   
A
IC
=255.09 
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Log-likelihood= -1564.0*** 
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TABLE 4-2.  Effect sizes (B) and associated z-values (z) and P-values (P) of source population, 
insecticide treatment, flower characteristics, floral display size, height and interspecies interactions 
on pollinator visits and insect-caused petal damage.  Significant effects are in bold. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Bee visits Fly visits Beetle      
visits 
Insect                       
petal                     
damage 
(Intercept) B =-0.07        
z=-0.02   
P=0.98 
B=-0.27         
z=-0.03              
P=0.98 
B=-5.67      
z=-0.2    
P=0.85 
B=4.49                 
z=0.88                 
P=0.38 
Source population B=-0.18        
z=-0.62        
P=0.54 
B=-0.63            
z=-0.73     
P=0.46 
B=-0.90      
z=-0.32   
P=0.75 
B=-0.81                      
z=-1.68                
P=0.09 
Insecticide 
treatment 
B=-0.25           
z=-1.4        
P=0.16 
B=0.29       
z=0.51       
P=0.61 
B=0.39    
z=0.24    
P=0.81 
B=-0.78                      
z=-2.55                
P=0.01 
30-second 
observations 
B=0.04          
z=0.75            
P=0.45 
B=0.03     
z=0.86       
P=0.39 
B=-0.04      
z=-0.61   
P=0.54 
na 
Height 
B=9.92*10-3 
z=0.49          
P=0.62 
B=2.80*10-3 
z=0.76     
P=0.45 
B=-0.01     
z=-0.57  
P=0.57 
B=1.45*10-3                  
z=0.66                  
P=0.51 
Corolla color B=-0.01          
z=-1.19         
P=0.23 
B=-0.02     
z=-0.77      
P=0.44 
B=-4.90*10-3 
z=-0.06   
P=0.95 
B=-0.02                      
z=-1.18                   
P=0.24 
Corolla depth B=6.46*10-4   
z=0.05          
P=0.96 
B=0.02       
z=0.12       
P=0.9 
B=0.15    
z=0.25  
P=0.80 
B=-0.16                      
z=-1.54                
P=0.12 
Corolla width B=-0.05          
z=0.75          
P=0.27 
B=0.03      
z=1.06       
P=0.29 
B=8.50*10-4 
z=0.003   
P=1.00 
B=-0.06                      
z=-0.84                   
P=0.40 
Petal width B=0.11          
z=1.32                  
P=0.19 
B=0.09       
z=0.37        
P=0.71 
B=-0.15      
z=-0.21  
P=0.84 
B=0.15                 
z=1.01                 
P=0.31 
Number open 
flowers 
B=0.05         
z=5.63        
P<0.001 
B=0.05       
z=2.11       
P=0.04 
B=0.06   
z=1.15    
P=0.25 
B=0.04                    
z=4.69                 
P<0.01 
Damage (all 
sources) 
B=-0.02       
z=-0.49       
P=0.62 
na na na 
Beetle visits  
na na na 
B=0.05                
z=0.22                 
P=0.83 
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Nitidulid beetles visited some plants more than others.  35.32% of the variation in beetle 
visits was explained by plant individual and 0.18% by date, while less than 0.01% was explained by 
maternal family, and plant was the only random factor with a significant effect (Table 4-1).  Even 
fewer beetles than flies were observed, and there were observation days when I saw no beetles.  
With so few visits, power is likely low, but there were no significant effects of any plant trait other 
than plant identity on beetle visits (Table 4-2).   
Most variation in insect-caused petal damage (51.98%) can be explained by observation day:  
damage became more common later in the season.  35.32% of the variation in insect-related petal 
damage can be explained by individual plant.  Plant and date are both included in the best model 
(Table 4-1).  Damage persisted for several days after it occurred, so the same damage may have been 
recorded multiple times, resulting in the relatively large effect of individual plant.  Insect-caused 
petal damage increased with the number of flowers present on a plant and decreased with insecticide 
treatment (Table 4-2).  There is a trend (P=0.09) for plants from the non-local source population 
NED to receive less damage than plants from GBT (Table 4-2).   
In sum, all visitors preferred plants with more flowers, and damage caused by insects was 
also greater on these plants (Table 4-2). 
Fitness:  Estimated total fitness (estimated number of total viable seeds) did not differ among 
maternal families within populations (<1% of the variation in estimated seed number was related to 
maternal family).  Both supplemental hand pollination and insecticide treatment improved fitness of 
plants from both source populations (Fig 4-2). Plants from NED produced fewer seeds than plants 
from GBT in all treatments, but pollen and insecticide increased fitness in similar ways for plants 
from both source populations (Fig 4-2).  If the fitness differential between source populations were 
caused by differences in pollinator or herbivore visitation in the common garden, adding pollen and 
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insecticide should have had a greater effect on NED plants than GBT plants and treatment means 
should be similar between the two populations.  Therefore, differences in seed production between 
NED and GBT plants were not due to pollinator visitation or herbivory, but to other factors.  Most of 
the differences between source populations and treatment groups in overall fitness (estimated total 
seed production) were related to the number of viable seeds produced per fruit (Fig 4-3), rather than 
differences in fruit production (Fig 4-4), although the source population, insecticide treatment and 
pollination affected the number of viable seeds per fruit in different ways (Figs 4-4 & 4-5).  
The number of inviable seeds (seeds that had embryos but were shriveled with little 
endosperm) was reduced by insecticide, but not by pollination (Fig 4-4), and pollination likely 
increased seed production by increasing the number of fertilized ovules. The number of mature fruits 
produced did not differ by population or treatment (Fig 4-5), although insecticide did reduce the 
number of aborted flowers (Fig 4-6).  Plants from NED and GBT produced similar numbers of both 
aborted and mature fruits (Figs 4-5 & 4-6), suggesting that there was little difference in flower 
production between the two populations.  In contrast, plants growing in the GBT source population 
produced more flowers than plants in the NED source population on average (Chapter 2).  Overall, 
the lower production of seeds per plant by NED in comparison to GBT appears to have been caused 
by differences in the number of viable seeds per fruit rather than by differences in flower production 
or fruit set (Fig 4-3 to 4-6). NED plants produced fewer viable seeds, but these seeds were heavier, 
in both field and garden plants (Fig 4-7).  Additionally, insecticide treatment increased mean seed 
mass in both NED and GBT plants, although this effect was stronger for plants from NED (Fig 4-7). 
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FIGURE 4-2.  Back-transformed means with 95% confidence intervals of square-root 
transformed estimated total seed number per plant.  Family describes less than 1% in the total 
variation in estimated seed number.  Plants from NED produced significantly fewer seeds than 
plants from GBT.  (B=-6.80, F(1,38)=11.57, P<0.01), and both pollination (B=4.56, F(1,196)=5.21, 
P<0.05) and insecticide (B=5.76, F(1,196)=8.30, P<0.01) increased seed production.  Damage 
per flower does not affect total estimated seed number (B=-0.91, F(1,196)=2.42, P=0.12).  Plants 
that produced no flowers during the garden planting and plants for which there were no damage 
measurements were not included in analyses.   
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FIGURE 4-3. Raw means of viable seeds per fruit. Bars represent 95% confidence 
limits.  Sample sizes show the number of total fruits for which seeds were counted.  
Individual plant (nested in family) from which fruits were taken explains 39.12% of the 
total variance in seeds per fruit, while the family alone describes less than 1%.  Plants 
from NED produced fewer seeds than plants from GBT (B=-6.33, F(1,38)=19.98, 
P<0.001), and plants that were either treated with pollen (B=4.60, F(1,200)=11.02, 
P<0.01) or insecticide (B=6.66, F(1,200)=23.12, P<0.0001) produced more seeds per 
fruit.  Treating plants with both pollen and insecticide did not increase seeds per fruit 
over treating them with insecticide alone (B=-5.99, F(1,200)=4.69, P<0.05).  Petal damage 
also reduced viable seeds per fruit (B=-1.25, F(1,200)=9.66, P<0.01), even when 
controlling for the increase caused by insecticide.  A complete table of results is included 
in the appendix. 
91
 
FIGURE 4-4.  Back-transformed means of inviable seeds per fruit. Bars represent 95% 
confidence limits.  Sample sizes show the number of total fruits for which seeds were counted.  
Individual plant (nested in family) from which fruits were taken explains 40.14% of the total 
variance in inviable seeds per fruit, while the family alone describes less than 1%. Damage per 
flower increased the number of inviable seeds per fruit (B=0.08, F(1,200)=8.03, P<0.01), and 
some of the effect of insecticide treatment appears to be through a reduction in petal damage 
(B=-0.14, F(1,200)=5.87, P<0.05). In addition to this effect, plants treated with insecticide had 
significantly fewer inviable seeds than plants in any other group (B=-0.75, F(1,200)=54.61, 
P<0.0001).   
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FIGURE 4-5.  Back-transformed means of square-root transformed counts of fruits that 
contained seeds. Bars represent 95% confidence limits.  There are no significant differences 
among populations or treatments, and family explains less than 1% of the variation in fruit 
production. 
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FIGURE 4-6.  Back-transformed means of square-root transformed counts of aborted flowers.  
26% of the variation in aborted flowers was explained by family.  Damage per flower increased 
the number of aborted flowers (B=0.23, F(1,196)=7.92, P<0.01), and insecticide reduced it (B= -
0.75, F(1,196)=7.29, P<0.01), but these effects appear to be separate. 
 
 
FIGURE 4-7.  Mass of 20 seeds per plant for plants in the common garden and in the field.  
Seeds from NED plants were heavier than seeds from GBT plants (B=3.50,  
F(1,151)=38.46, P<0.001), and this effect was smaller in the garden than in field populations (B=-
2.19, F(1,151)=7.46, P<0.01).  Seed mass of plants in the garden did not differ in seed mass from 
those found in the original field populations (B=0.20, F(1,151)=0.24, P=0.62).  Insecticide 
increased seed mass (B=2.14, F(1, 151)=30.24, P<0.001), and this effect was stronger for plants 
from NED than from GBT (B=2.92, F(1, 151)=14.06, P<0.001). 
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DISCUSSION 
 
Local adaptation to herbivores and pollinators is common (reviewed in Laine 2009), but 
maladaptation and lack of local adaptation also occur frequently (reviewed in Hoeksema and 
Forde 2008).  Coevolutionary processes can drive patterns of local divergence in phenotype 
(Thompson 1999, Gomulkiewicz et al. 2000, Thompson 2009), and while systems with tightly-
paired specialists are most frequently studied in this context (eg. Miller 1981, Anderson and 
Johnson 2008, Anderson et al. 2010, Nattero et al. 2010, Nattero et al. 2011), local adaptation 
may also occur in systems with many interacting partners (Cane et al. 2005, Gomez et al. 2009a, 
Gomez et al. 2009b, Schlumpberger et al. 2009).  Erysimum capitatum plants in natural 
populations are visited by a wide variety of pollinators and damaged by a number of herbivores, 
some of which prefer the same traits as pollinators (Chapter 3).  The present study detected no 
evidence for local adaptation to either pollinators or herbivores in E. capitatum.  In the common 
garden, plants from both sites were pollen-limited, although they were not in natural populations.  
Seed production for plants from both sites also increased with the addition of insecticide, as they 
did in natural populations.  However, these effects were similar for plants from both sites, so 
pollinators and herbivores were not responsible for the differences in reproduction between the 
two source sites.  Non-local plants did produce fewer seeds than local plants, and received a 
greater benefit in mean seed mass from the addition of insecticide.  Plants from the two 
populations differed in seed number and seed mass suggesting different patterns of investment. 
Pollinator and herbivore preferences:   
  Both pollinators and herbivores preferred plants with more flowers, but showed no 
preferences for any other measured trait or for either source population (Table 4-2).  Similarly, in 
native field populations, preferences of pollinators and herbivores for flower number were 
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consistent, but preferences for other traits were weak and variable (Chapter 3).  The 
attractiveness of greater flower number could result in conflicting selection by herbivores and 
pollinators (e.g. Juenger and Bergelson 1997, Krupnick et al. 1999, Adler 2000, McCall and 
Irwin 2006, McCall 2008, 2010).  Flower number is the plant reproductive character most 
commonly found to be under selection in plants (Harder and Johnson 2009), but its measurement 
is complex because it can be quite plastic and change in response to many environmental factors, 
including visitation by pollinators and herbivores (Marshall et al. 1986, Stanton et al. 1987, 
Harder and Johnson 2005, Wolfe and Mazer 2005).  Plants from the two source populations 
differed in characteristics of individual flowers, with plants from NED having wider, deeper 
corollas with wider, redder petals (Appendix 4-7).  Still, local pollinators and herbivores did not 
discriminate between the local (GBT) and non-local (NED) plants (Table 4-2), probably because 
plants in the experimental gardens produced similar numbers of flowers (Figs 4-5 & 4-6).   
Effects of pollinators on fitness:   
Generalized pollination may arise from shifting pollinator community composition in time 
and space (Waser et al. 1996, Dilley et al. 2000, Ellis and Johnson 2009), and may select for 
divergent flower and reproductive characters when populations have different pollinator community 
compositions, or when pollinator behavior differs among populations (Dilley et al. 2000).  Local 
adaptation to pollinators would likely result in greater pollen-limitation for non-local (NED) plants, 
but both populations showed similar increases in seed production with added pollen (Figs 4-2 & 4-
3).  Viable seed increased through the number of ovules that were fertilized per fruit in plants with 
added pollen (Figs 4-3 & 4-4) rather than through increased fruit production (Figs 4-4 & 4-6).  
Garden plants received both water and fertilizer and were larger and had more flowers than plants in 
natural populations.  They were also separated from a natural source of insect pollinators specific to 
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this plant.  The larger size, and distance from the source of pollinators may have increased the 
likelihood of pollen limitation (Lawrence 1993, Burd 1994, Ashman et al. 2004, Burd 2008, Burd et 
al. 2009), which did not occur in natural populations.  Alternatively, increases in seed production 
with hand-pollination may have resulted from pollen quality rather than quantity as plants may 
mature more seeds when pollen comes from a more diverse group of donors (Aizen and Harder 
2007).  
Effects of flower herbivores on fitness:  
If there is local adaptation to herbivores, excluding them should benefit non-local plants 
disproportionately, while plant maladaptation would cause the opposite result.  For both source 
populations, insecticide treatment produced similar increases in estimated total seed production per 
plant (Fig 4-2), seed production per fruit (Fig 4-3), reduced the numbers of aborted flowers (Fig 4-
6), and increased mean seed mass (Fig 4-7).  Seed production per fruit increased through a reduction 
in the number of inviable seeds (Fig 4-5), and insecticide-treated plants were taller at harvest 
(F(1,248)=6.86, p<0.01), suggesting there was an increase in the resources available to mature seeds.  
Reduced herbivory could have resulted in greater vigor of insecticide-treated plants (Table 4-2), but 
petal damage did not decrease total seed production per plant, and the effects of insecticide only 
interacted with those of petal damage for the number of inviable seeds.  Additionally, vegetative 
herbivory was negligible in the common garden (personal observation), and is unlikely to be 
responsible for increases in vigor in insecticide-treated plants.  It is possible that nitrite additions to 
the soil through the breakdown of the herbicide, imidacloprid, (Zheng and Liu 1999, Liu et al. 2006) 
could account for the apparent increase in resource availability to insecticide-treated plants.  
Nitrogen levels are extremely low at the garden site (Cherwin et al. 2009) and supplemental fertilizer 
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may not have eliminated differences in nutrient availability between plants treated with insecticide 
and controls (Tim Seastedt, personal communication September 23, 2011). 
Interactive effects of pollination and herbivory:  
In natural populations, pollinators sometimes preferred plants with less herbivore damage 
(Chapter 3).  In contrast, herbivory did not decrease pollinator visitation in the common garden 
(Table 4-1), and pollen limitation was of similar magnitude for insecticide-treated and untreated 
plants (Fig 4-2).  At the level of individual flowers, addition of supplemental pollen to insecticide-
treated plants did not change seed maturation per fruit compared to plants treated only with 
insecticide, which could indicate plants treated with insecticide received more pollinator visits per 
flower. However, the effect of supplemental pollination on seed and fruit production did not differ 
between damaged and undamaged plants (Figs 4-2 to 4-5), and there was a slight, non-significant, 
decrease in bee visits on insecticide-treated plants.  Increased resource availability can reduce 
pollen-limitation associated with pollen quality rather than pollinator visitation, as resource-rich 
conditions allow more fertilized ovules to be provisioned and reduces maternal selectivity (Marshall 
and Diggle 2001).  The lack of pollen-limitation in insecticide -treated plants is likely due to 
increased resource levels, given the reduction in inviable seeds.   
Local adaptation:  
  Although pollinator communities and some types of herbivores differed between the 
source populations of E. capitatum (Chapter 3), differences in fitness between NED and GBT 
plants in the common garden are likely due to factors other than adaptation to local suites of 
pollinators and herbivores.  Seed production of the non-local (NED) individuals was 
significantly lower than that of local (GBT) individuals at both the whole-plant and fruit levels 
(Figs 4-2 & 4-3), but neither pollinator nor herbivore visitation differed between plants of the 
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two populations (Table 4-2) and supplemental pollination and insecticide treatment increased 
seed production in plants from both source populations equally (Figs 4-2 to 4-6).  The lack of 
local adaptation observed in this experiment is consistent with the prediction that vistiation by 
multiple pollinators and a variety of herbivores limits the potential for population divergene.  
However, stem boring beetle larvae and flower bud galls were common in natural populations 
(Chapter 3) but were not present in the common garden, and this may have reduced the 
likelihood of detecting local adaptation. 
  The increase in seed number in local plants in comparison to non-local plants (Fig 4-3) 
may have been due to differences between plants from the two source populations in ovule 
number per fruit, fertilization success, or abortion of fertilized ovules.  Ovule number varies 
among Spergularia marina plants from different source populations when grown in common 
gardens (Mazer and Delesalle 1996), but is quite plastic in some species (Mazer and Delesalle 
1996, Vogler et al. 1999) and plasticity of ovule number can vary among genotypes (Vogler et 
al. 1999).  I did not measure the total number of ovules per fruit, however, differences strategies 
in ovule packaging and provisioning can be inferred.  Tradeoffs between seed size and seed 
number are common (Linhart 1988, Agren 1989, Venable 1992, Jakobsson and Eriksson 2000, 
Westoby et al. 2002), and the fact that seeds produced by plants from NED were larger than 
those produced by plants from GBT (Fig 4-7) suggests that flowers of NED plants may produce 
fewer ovules per ovary.  Yet, differences in seed size are small in comparison to differences in 
seed number (Figs 4-3 & 4-7), and do not account for the large differences in seed production. 
Greater seed production by GBT plants also may be due to a difference in fertilization 
success and selective post-fertilization abortion of ovules.  A mixture of pollen from equal numbers 
of GBT and NED pollen donors was used for supplemental pollinations, and pollinators visiting 
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plants would likely have moved roughly equal quantities of NED and GBT pollen.  Nevertheless, 
plants from the two source populations may have responded differently to the same mix of pollen.  
Pollen from more distant populations can reduce seed production for multiple reasons, including 
outbreeding depression (e.g. Price and Waser 1979, Bermingham and Brody 2011), inbreeding 
effects, and other consequences of specific combinations of maternal and paternal genotypes 
(Schemske and Pautler 1984, Sork and Schemske 1992, Marshall and Diggle 2001).  Additionally, 
non-local (NED) plants may have aborted more fertilized ovules than local (GBT) plants.  Selective 
abortion of fertilized ovules can occur more frequently in resource-limited or stressed plants (Lee 
and Bazzaz 1986, Diggle et al. 2010).  The addition of insecticide increased seed size more for NED 
plants than for GBT plants (Fig 4-7), but there was no other evidence that resources were more 
limiting for NED plants than for GBT plants.  In sum, differences in seed production between the 
two populations likely has less to do with local adaptation to biotic factors or resource availability 
than to innate, and potentially adaptive, differences in the production of ovules per fruit.   
Conclusions: This study examined the effects of supplemental pollination and herbivore deterrence 
on plant fitness and tested for local adaptation to groups of pollinators and herbivores in Erysimum 
capitatum.  Plants from both sites were pollen limited in the common garden, although they were not 
in natural populations (Chapter 3), perhaps because garden plants had more flowers than plants in 
natural populations.  In addition, insecticide increased seed production, and this influence may have 
occurred through both reductions in herbivory and nutrient addition.  Increases in seed production 
with both pollen and insecticide addition were similar for plants from both source populations, 
indicating that pollinators and herbivores were not responsible for differences in reproduction 
between the two source sites.  The two study populations of E. capitatum do not show signs of local 
adaptation to pollinators and herbivores, but show different patterns of seed production.  NED plants 
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produced fewer, but heavier seeds than GBT plants, and mean seed mass increased more with the 
addition of insecticide.  The differences between populations in seed provisioning and production 
suggest adaptation to environmental factors other than pollinators and/or herbivores and warrant 
further investigation.  
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 B F df P 
(Intercept) 29.94 897.85 196 <0.0001 
Damage -0.91 2.43 196 0.12 
Population -6.80 11.57 38 <0.01 
Pollinate 4.56 5.21 196 <0.05 
Insecticide 5.76 8.30 196 <0.01 
Damage×Population -0.42 0.13 196 0.72 
Damage×Pollinate 1.81 2.42 196 0.12 
Population×Pollinate -1.03 0.07 196 0.80 
Damage×Insecticide 1.05 0.81 196 0.37 
Population×Insecticide 2.68 0.45 196 0.50 
Pollinate×Insecticide -5.97 2.23 196 0.14 
Damage ×Population×Pollinate  0.72 0.10 196 0.76 
Damage×Population×Insecticide 1.94 0.69 196 0.41 
Damage×Pollinate×Insecticide 0.65 0.08 196 0.78 
Population×Pollinate×Insecticide -6.32 0.63 196 0.43 
Damage×Population×Pollinate ×Insecticide 0.01 0.00 196 0.99 
APPENDIX 4-1. Fixed effects of petal damage, source population, pollination and insecticide 
treatment on total estimated seeds for linear mixed effects model tested with plant nested in 
family as random effects. 
 
 
 
 
 
 
 
 
 
 
 
  
102
	   
 B F DF P 
(Intercept) 20.89 870.67 4081 <0.0001 
Damage -1.25 9.66 200 <0.01 
Population -6.33 19.99 38 <0.001 
Pollinate 4.60 11.03 200 <0.01 
Insecticide 6.66 23.12 200 <0.0001 
Damage×Population 0.23 0.08 200 0.99 
Damage×Pollinate 0.36 0.20 200 0.78 
Damage×Insecticide 0.17 0.05 200 0.83 
Population×Pollinate -1.78 0.41 200 0.52 
Population×Insecticide 0.18 0.00 200 0.95 
Pollinate×Insecticide -6.00 4.69 200 <0.05 
Damage ×Population×Pollinate  1.56 0.94 200 0.33 
Damage×Population×Insecticide 0.93 0.33 200 0.56 
Damage×Pollinate×Insecticide 1.96 1.48 200 0.22 
Population×Pollinate×Insecticide 0.63 0.01 200 0.91 
Damage×Population×Pollinate ×Insecticide -2.14 0.44 200 0.51 
 
APPENDIX 4-2.  Fixed effects of petal damage, source population, pollination and insecticide 
treatment on viable seeds per fruit for linear mixed effects model tested with plant nested in 
family as random effects. 
 
 B F DF P 
(Intercept) 0.65 166.95 4081 0 
Damage 0.08 8.03 200 <0.01 
Population -0.05 0.23 38 0.06 
Pollinate -0.07 0.49 200 0.49 
Insecticide -0.75 54.61 200 0.00 
Damage×Population 0.03 0.31 200 0.58 
Damage×Pollinate 0.03 0.28 200 0.60 
Damage×Insecticide 0.08 0.16 200 0.69 
Population×Pollinate -0.14 5.87 200 0.02 
Population×Insecticide 0.15 0.57 200 0.45 
Pollinate×Insecticide 0.15 0.58 200 0.45 
Damage ×Population×Pollinate  -0.05 0.19 200 0.66 
Damage×Population×Insecticide -0.03 0.06 200 0.81 
Damage×Pollinate×Insecticide 0.04 0.11 200 0.74 
Population×Pollinate×Insecticide 0.12 0.09 200 0.76 
Damage×Population×Pollinate 
×Insecticide -0.31 1.71 200 0.19 
APPENDIX 4-3.  Fixed effects of petal damage, source population, pollination and insecticide 
treatment on inviable seeds per fruit for linear mixed effects model tested with plant nested in 
family as random effects. 
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 B F DF P	  
(Intercept) 7.31 1595.69 196 0.00 
Damage -0.02 0.04 196 0.84 
Population -0.47 1.63 38 0.21 
Pollinate 0.37 1.01 196 0.32 
Insecticide 0.05 0.02 196 0.88 
Damage×Population -0.13 0.36 196 0.55 
Damage×Pollinate 0.29 1.82 196 0.18 
Damage×Insecticide -0.21 0.08 196 0.78 
Population×Pollinate 0.15 0.50 196 0.48 
Population×Insecticide 0.78 1.14 196 0.29 
Pollinate×Insecticide -0.50 0.47 196 0.50 
Damage ×Population×Pollinate  0.06 0.02 196 0.88 
Damage×Population×Insecticide 0.14 0.11 196 0.75 
Damage×Pollinate×Insecticide 0.12 0.08 196 0.77 
Population×Pollinate×Insecticide -0.52 0.13 196 0.72 
Damage×Population×Pollinate ×Insecticide 0.13 0.02 196 0.88 
 
APPENDIX 4-4.  Fixed effects of petal damage, source population, pollination and insecticide 
treatment on fruits with seeds for linear mixed effects model tested with plant nested in family as 
random effects. 
  
 
 B F DF P 
(Intercept) 4.09 508.26 196 0.00 
Damage 0.23 7.92 196 0.01 
Population 0.09 0.06 38 0.81 
Pollinate -0.22 0.63 196 0.43 
Insecticide -0.75 7.29 196 0.01 
Damage×Population 0.11 0.46 196 0.50 
Damage×Pollinate 0.00 0.00 196 0.98 
Damage×Insecticide -0.42 0.58 196 0.45 
Population×Pollinate -0.18 1.20 196 0.27 
Population×Insecticide -0.07 0.01 196 0.91 
Pollinate×Insecticide 0.43 0.58 196 0.45 
Damage ×Population×Pollinate  -0.38 1.35 196 0.25 
Damage×Population×Insecticide -0.21 0.40 196 0.53 
Damage×Pollinate×Insecticide -0.15 0.21 196 0.64 
Population×Pollinate×Insecticide 1.00 0.81 196 0.37 
Damage×Population×Pollinate ×Insecticide 0.72 1.18 196 0.28 
APPENDIX 4-5.  Fixed effects of petal damage, source population, pollination and insecticide 
treatment on aborted flowers for linear mixed effects model tested with plant nested in family as 
random effects. 
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 B F P 
Intercept 6.93 602.85 < 0.0001 
Population 3.50 38.46 < 0.0001 
Location (field or 
garden) 0.20 0.24 0.62 
Insecticide 2.14 30.24 <0.0001 
Pollinate 0.06 0.02 0.89 Population×Location	   -2.19 7.46 <0.01 Population×Insecticide	   2.92 14.06 <0.001 Population×Pollinate	   0.17 0.05 0.83 
APPENDIX 4-6.  Effects of source population, location (field or garden), insecticide and 
pollination treatments on the mass of 20 seeds per plant. 
 
   
APPENDIX 4-7.  Flower trait means for plants in the common garden from each of the 
two source populations for which all flower traits were measured (N=103 plants from 
GBT, N=90 plants from NED).  Bars represent 95% confidence intervals.   
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CHAPTER V 
 
 
CONCLUSIONS 
 
My dissertation dealt with complex interactions among plants, pollinators and herbivores 
in different populations along an elevational gradient in the Rocky Mountains.  I examined the 
potential for tradeoffs between pollinator attraction and herbivore deterrence, as well as for local 
adaptation to these challenges in Erysimum capitatum. I also examined the potential for plant 
developmental plasticity to change the outcome of interactions with pollinators and herbivores 
and the potential for population differences in resource allocation.  The important contributions 
of my work are as follows: 
• I found phenotypic differences among four natural populations of Erysimum capitatum 
along an elevational gradient in the Rocky Mountains (Chapter 2). 
• I described and quantified differences among the communities of pollinators and 
herbivores in those populations (Chapters 2 & 3). 
• I found different patterns of selection by pollinators and herbivores in these multiple 
natural populations over a two-year period (Chapter 3). 
• I showed plant responses by E. capitatum mediate interactions with both pollinators and 
herbivores and buffer against changes in communities of insects in time and over 
geographical space (Chapter 3). 
• I conclusively showed there was no evidence of local adaptation to pollinators and 
herbivores in a common garden experiment carried out with plants from two of the four 
source populations (Chapter 4).   
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• I showed there was the possibility for local adaptation to other factors in that common 
garden experiment (Chapter 4). 
• I identified the potential for different strategies of resource allocation in plants from the 
two populations used in the common garden (Chapter 4). 
Implications: 
Although Erysimum capitatum is a widespread species, its interactions with animals are not 
well-documented.  I identified pollinators and herbivores of this species in several locations along an 
elevational gradient, and examined phenotypic selection in these populations in two years.  I found 
that it is visited by a diversity of pollinators and herbivores.  E. capitatum is known to be quite 
phenotypically variable both within and among populations, and I documented variation in traits 
likely to interact with pollinators and herbivores among populations to lay the groundwork for 
further study the causes of this variation.  I found that for some traits, variation among populations 
was consistent between years, although there was also some variation within populations between 
years (Chapter 2).   
I found that Erysimum capitatum is quite similar to congeneric species, including Erysimum 
mediohispanicum, that have been the focus of investigation into the habits of pollinators and 
herbivores by the lab of J.M. Gomez-Reyes in Spain and Portugal.  E. capitatum and the European 
Erysimum species are visited by similar types of herbivores and pollinators, and share many of the 
same obvious variations in phenotypic characters (personal observation).  Like the populations of E. 
capitatum I studied in the Rocky Mountains, E. mediohispanicum shows variation across short 
spatial scales over an elevational range in flower number, inflorescence height, and flower color.  In 
addition, E. mediohispanicum varies in flower shape among sites, and this variation appears to be the 
result of local adaptation to particular types of pollinators.  Local adaptation was not evident in the 
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two populations of E. capitatum I examined in Colorado, despite the prevalence of different 
pollinators in different areas, perhaps because plants did not appear to be pollen-limited in the source 
populations.   
Phenotypic selection studies of E. mediohispanicum have mainly focused on the effects of 
pollinators and vertebrate herbivores (Gomez 2005, Gomez et al. 2006, Gomez et al. 2007, Gomez 
2008, Gomez et al. 2008, Gomez et al. 2009b), although this species is also visited by a suite of 
insect herbivores similar to those that attack E. capitatum, including gall-makers (Gomez 2008), ants 
and petal herbivores (personal observation, personal communication, M. Gomez).  My work on E. 
capitatum shows that these insect herbivores can have an impact on pollinator visitation.   
Unlike the populations of E. capitatum I studied, E. mediohispanicum is pollen limited in 
most sites (Gomez et al. 2010), and selection for flower shape by pollinators is common and variable 
among multiple sites (Gomez et al. 2006, Gomez et al. 2009b, Gomez and Perfectti 2010).  
Zygomorphy and petal width are the main floral shape traits Gomez et al. have found to vary and to 
be under selection (Gomez et al. 2006, Gomez et al. 2008, Gomez et al. 2009b, Gomez and Perfectti 
2010).  I observed, but did not measure, shape variation in flowers.  There was variation in ratios of 
petal width to length, and in zygomorphy similar to that observed in E. mediohispanicum and other 
Erysimum species by Gomez et al. in Europe.  This raises the possibility that the variation in flower 
color and shape that contributes to the maintenance of a generalized pollination system in this genus 
are ancient and have been maintained through multiple speciation events.  Regardless of whether or 
not the variation in the genus Erysimum is ancient or has arisen independently in multiple species, 
such variation is useful for study.  A group of closely related species with similar patterns of 
phenotypic variation and multiple potential selective agents that is found on multiple continents can 
provide information about the interplay of phenotypic variation, selection by biotic forces and the 
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maintenance of variation in particular traits across time and space even when selection occasionally 
favors particular trait values.   
My experimental manipulations of pollination and herbivory in multiple populations 
showed that plant responses could act to limit selection by both pollinators and herbivores by 
reducing their impacts on fitness.  Specifically, prolonged stigmatic receptivity, flower abortion, 
new flower production, and allocation to individual fruits proved to be key aspects of plant 
response that may influence interactions with pollinators and herbivores to the benefit of plants.  
Plasticity has long been known to be an important contributor to phenotypic variation among and 
within environments.  Plastic responses that affect characters likely to interact with other 
organisms and affect selective outcomes are widespread in plant species (reviewed in Agrawal 
2001).  In fact, some of the characters that are most frequently shown to be under selection by 
pollinators and herbivores, such as plant height, flower production and defensive chemistry, are 
also quite plastic (Bradshaw 1965, Marshall et al. 1986, Stanton et al. 1987, DeWitt et al. 1998, 
Meagher and Delph 2001, Harder and Johnson 2005, Wolfe and Mazer 2005).  Although 
plasticity may represent the best evolutionary option for plants as they are rooted in place and 
unable to move to different conditions, there are costs to maintaining developmental flexibility 
for some characters (DeWitt et al. 1998, Dechaine et al. 2007, van Kleunen and Fischer 2007), 
and plasticity itself may be under selection in some cases (de Jong 2005).  Plasticity may evolve 
frequently in response to variable conditions in either time or space, and can reduce ecological 
divergence by allowing individuals to disperse more readily among populations (Thibert-Plante 
and Hendry 2011).   
Few studies have explicitly tested the effects of herbivory and pollinator visitation jointly on 
a species with a generalized pollination system and many herbivores.  My studies in natural 
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populations of E. capitatum showed that pollinator and herbivore preferences and communities 
varied among years and sites and that herbivores, at least, select for plant traits.  I therefore 
designed a reciprocal transplant experiment to explicitly test for local adaptation to either or both 
groups.  I incorporated treatments to exclude herbivores and the effects of pollinators with 
insecticide and supplemental pollen, and applied them to plants from both populations.  
Unfortunately, one of the common gardens in the reciprocal transplant experiment was badly 
damaged by vertebrate herbivores, and fitness results were unobtainable. Neither pollen 
limitation nor selection by pollinators was evident in natural populations of E. capitatum.  Yet, 
pollen limitation was present in the common garden, raising the possibilities that measurements 
of fitness may not have been accurate enough to identify pollen limitation in the field 
populations or that pollen limitation was caused by resource additions in the common garden. 
Selection by herbivores was occasionally important in natural populations for the flower and 
reproductive traits measured.  I found that compensatory reproductive mechanisms such as 
flower production may be activated by both pollination and herbivory, and that these may allow 
E. capitatum to succeed in its complex environment.  Many plants may respond to herbivory and 
pollen receipt by changing patterns of fruit and seed set (Marshall et al. 1985, Stephenson 1992, 
Knight et al. 2005, Wise and Cummins 2006, Nunez-Farfan et al. 2007, Wesselingh 2007, Wise 
and Abrahamson 2007). The heritability of such compensatory strategies can be difficult to 
measure (but see Juenger and Bergelson 2000, Wise et al. 2008).  Nonetheless, mechanisms that 
allow plants to make iterative decisions about reproductive resource allocation over the course of 
the flowering season may be under selection in E. capitatum, and this will be an interesting area 
of future study.   
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Erysimum capitatum inhabits an adaptive landscape shaped by diverse interacting biotic 
partners that shift in importance in time and space.  Geographic variation in plant morphology can be 
caused by a number of factors including selection by abiotic forces, biotic forces, genetic drift and 
phenotypic plasticity. Drift and limited gene flow may act to create different average phenotypes in 
small populations, but local adaptation may explain at least some of the divergent characters found 
in different populations of the same species, and environmental factors may affect the plastic 
expression of traits. Additionally, hybridization events may increase the amount of variation present 
both within and among populations.  The variability of E. capitatum among populations has caused 
considerable taxonomic confusion (Price 1984, Turner 2006).  It is possible that some of the 
variability found among populations of E. capitatum is a result of hybridization between historically 
distinct subspecies, and is not caused by current drivers of divergence.  In addition, plasticity might 
cause some of the divergence in traits such as size and perennation among populations.  However, 
the results of this dissertation research show that there is considerable variation in both pollinator 
and herbivore insect communities on E. capitatum not only in space, but in time.  Thus episodes of 
selection could result in great phenotypic variation within and among the populations.   
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